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Abstract.—Dietary sources of thiamine (vitamin B,) and thiamine-degrading enzymes (thiaminases)
are thought to be primary factors in the development of thiamine deficiency among Great Lakes
salmonines. We surveyed major forage fish species in Lake Michigan for their content of thiamine,
thiamine vitamers, and thiaminase activity. Concentrations of total thiamine were similar (P = 0.05)
among most forage fishes (alewife Alosa pseudoharengus, bloater Coregonus hoyi, spottail shiner
Notropis hudsonius, deepwater sculpin Myoxocephalus thompsonii, yellow perch Perca flavescens,
ninespine stickleback Pungitius pungitius, and round goby Neogobius melanostomus) and slightly
lower in rainbow smelt Osmerus mordax. Concentrations of total thiamine were all above the dietary
requirements of coldwater fishes, suggesting the thiamine content of forage fish is not the critical
factor in the development of thiamine deficiency in Lake Michigan salmonines. Thiamine pyro-
phosphate was the predominant form of thiamine in most species of forage fish, followed by free
thiamine and thiamine monophosphate. Total thiamine was slightly greater in summer collections of
alewife and rainbow smelt than in spring and fall collections, but the same was not true for bloater.
Thiaminase activity varied among species and was greatest in gizzard shad Dorosoma cepedianum,
spottail shiner, alewife, and rainbow smelt. Thiaminase activity in alewife varied among collection
locations, season (greatest in spring), and size of the fish. Size and condition factors were positively
correlated with both total thiamine and thiaminase activity in alewife. Thus, thiamine and thiaminase
activity in forage fishes collected in Lake Michigan varied among species, seasons, year caught, and
size (or condition). Therefore, multiple factors must be considered in the development of predictive
models for the onset of thiamine deficiency in Great L akes salmonines. Most importantly, thiaminase
activity was great in alewives and rainbow smelt, suggesting that these prey fish are key causative
factors of the thiamine deficiency in Great Lakes salmonines.

Thiamine (vitamin B,) deficiency in Great Lakes contains a high proportion of certain exotic species
salmonines is thought to result from a diet that of forage fish, such as alewife Alosa pseudohar-
engus and, possibly, rainbow smelt Osmerus mor-

dax (Fitzsimons 1995; Fitzsimons et al. 1999).

* Corresponding author: dtillitt@usgs.gov These forage species contain thiaminase from
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Published online May 6, 2005 2002) and possibly other sources, which can de-
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grade thiamine in predatory species such as sal-
monines. The consequences of thiamine deficiency
in Great Lakes salmonines have included avita-
minosis in adults (Brown et al. 2005, this issue)
and early mortality syndrome (EMS) in developing
fry (Marcquenski and Brown 1997). Thiamine de-
ficiency has been observed in various species of
salmonines in the Great Lakes. Notably, coho
salmon Oncorhynchus kisutch and lake trout Sal-
velinus namaycush from Lake Michigan have been
affected to the point where their populations may
be threatened (Fitzsimons et al. 1999). Moreover,
evidence suggests that thiamine deficiency is a
contributing factor and, possibly, a major factor in
the lack of recruitment observed in Lake Michigan
lake trout. Thiamine deficiency has also been ob-
served in Atlantic salmon Salmo salar and brown
trout Salmo trutta from the Baltic Sea (Amcoff et
al. 1999); the presence of thiaminase activity in
the main forage fish, the Baltic herring Clupea
harengus membras, is suspected to be the causative
agent (Wistbacka et al. 2002).

The patterns and intensities of thiamine defi-
ciency and subsequent EMS have varied in Great
Lakes salmonines. The cause or causes of these
variations are unknown. The degree of thiamine
deficiency and EMS in coho salmon populations
has generally increased over the past two decades,
but year-to-year variations (up to 90%) have oc-
curred (Wolgamood et al. 2005, this issue). The
amount of EM S observed in coho salmon taken in
the fall of 1999 at the Platte River was approxi-
mately 5%, while the following year the Michigan
Department of Natural Resources (MDNR) ob-
served a 90% occurrence of EMS in coho salmon
taken from the same river (Wolgamood et al.
2005). The variation of thiaminase activity in for-
age fishes that the salmonines prey upon may be
the proximate cause for the observed variation in
thiamine deficiency. Therefore, to begin to under-
stand the degree and extent of variation in thiamine
and thiaminase activity of Great Lakes prey spe-
cies, measurements were made on Lake Michigan
prey species. We collected avariety of prey species
of different sizes from various locations during
three different seasons. Our intent was to identify
differences in thiamine content and thiaminase ac-
tivity that may be related to these factors.

M ethods

Prey Species
The focal prey species examined were rainbow
smelt, bloater Coregonus hoyi, and alewife. In ad-

dition to these species, we also collected limited
numbers of spottail shiner Notropis hudsonius,
deepwater scul pin Myoxocephal us thompsonii, giz-
zard shad Dorosoma cepedianum, ninespine stick-
leback Pungitius pungitius, yellow perch Percafla-
vescens, and round goby Neogobius melanostomus
for examination and analysis.

Experimental Design

Collections were designed to evaluate variations
in thiamine content and thiaminase activity of prey
species based on differences in species, size, lo-
cation, season, and year. Samples of forage fishes
were collected from Lake Michigan near Sauga-
tuck, South Haven, St. Joseph, Muskegon, Grand
Traverse Bay, Manistique, and Two Rivers, Mich-
igan, and Sturgeon Bay, and Port Washington,
Wisconsin. Sampling was conducted during the
spring (April-May), summer (June-August), and
fall (September—October) of 1998, 1999, and
2000. Size-classes were preselected for alewife
(<60 mm, 60-120 mm, and >120 mm), rainbow
smelt (<100 mm and >100 mm), and bloater
(<120 mm and >120 mm), while all other species
were opportunely sampled. Measurements made
after collection consisted of fish weight (W, g),
total length (L; mm or cm), and the subsequent
calculation of Fulton’s condition factor (K = 100
WI/L3). Samples were collected with12-m otter
trawls for periods of not more than 30 min and
quick frozen on dry ice (Wright et al. 2005, this
issue). Fish were shipped on dry ice and then
stored at —80°C until processed for analysis of
thiamine vitamers and thiaminase.

Tissue Preparation

All materials and equipment used for pulver-
izing and grinding were stored overnight at —20°C.
Whole fish were pulverized at —20°C and ground
at 4°C with dry ice. Frozen fish were broken into
manageable pieces, chopped with a blade into
smaller pieces (1-2 cm), and then ground to afine
powder with amortar and pestle, all inthe presence
of dry ice (for details, see Zajicek et al. 2005, this
issue). Once the entire sample was ground, it was
stored in a ziplock bag at —80°C until analysis.
Small fish (<5 g) were simply ground with dry
ice with a mortar and pestle.

Thiamine Vitamers

Concentrations of thiamine vitamers were de-
termined with a specific high-performance liquid
chromatography procedure that separated phos-
phorylated and nonphosphorylated thiamine forms



LAKE MICHIGAN FORAGE FISH THIAMINE-THIAMINASE 15

TaBLE 1.—Total thiamine and thiaminase activity in forage fish collected from Lake Michigan. Values are lakewide
means of all samples collected over the study period (1998-2000); SDs are given in parentheses. Values with different
letters within a column are significantly different (P = 0.05); NA = not analyzed.

Total thiamine Thiaminase
Activity
Species N Content (nmol/g) N (pmol-g-1-min-1)
Alewife 403 15.5 (7.9) zy 385 4,280 (2,330) y
Rainbow smelt 125 88 (6.7)y 120 2,640 (2,120) y
Bloater 71 14.2 (8.0) z 57 35 (38) wvu
Gizzard shad NA 4 31,800 (4,260) z
Spottail shiner 16 16.3 (4.7) z 16 32,700 (17,600) z
Deepwater sculpin 54 16.5 (8.4) zy 54 172 (346) wv
Yellow perch 6 26.4 (8.4) z 6 12 (6) vu
Ninespine stickleback 3 25.7 (6.9) z 3 85 (63) x
Round goby 6 14.6 (3.7) zy 6 18 (8) u
with fluorescence detection (Brown et al. 1998). Results

Free thiamine (FT; nonphosphorylated form), thi-
amine monophosphate (TMP), thiamine pyro-
phosphate (TPP), and total thiamine vitamers (sum
of the individual forms) were reported in units of
nanomoles per gram.

Thiaminase |

The catalytic activity of thiaminase | was mea-
sured by liberation of 2-4C-thiazole radioactivity
from [thiazole-2-14C] thiamine at pH 6.5 at 37°C.
The optimized procedure is fully described in Za-
jicek et al. (2005). Briefly, a dilution series of tis-
sue homogenate was incubated with [thiazole-2-
14C] thiamine and the base cofactor nicotinic acid
for 10 min before halting the reaction and extract-
ing the 2-14C-thiazole radioactivity with ethyl ac-
etate. The extract was counted by liquid scintil-
lation counting to determine the breakdown of thi-
amine. Thiaminase values were reported as pico-
moles of thiamine degraded per gram of tissue per
minute of incubation (pmol - g~ - min-1).

Satistics

Data analysis was conducted with SAS statis-
tical software (SAS 1990). Statistical significance
was set at the 0.05 level for all analyses. Data
analysis was performed on transformed data
(log,p) to ensure the datawere normally distributed
through a Kolmogorov—Smirnov test. Compari-
sons of mean values were made with Duncan’s
multiple-range test or least-squares method. Re-
lationships between variables were evaluated by
Pearson’s product-moment correlation coefficient
analysis. Evaluation of more complex relation-
ships among variables (collection site, season, spe-
cies, and year) was conducted with SAS (1990)
general linear model (GLM) procedures in a nest-
ed-design analysis of variance (ANOVA).

Species

The content of total thiamine vitamers was sim-
ilar in all of the species of forage fish examined
except rainbow smelt (Table 1). Rainbow smelt
had a mean total thiamine content of 8.8 nmol/g
in whole fish, which was far lower than that found
in bloater, spottail shiner, yellow perch, and nine-
spine stickleback, but not different from alewife,
deepwater sculpin, or round goby (Duncan’'s
multiple-range test). The range of mean concen-
trations of thiamine vitamers for forage fish spe-
cies other than rainbow smelt was relatively small,
14.2-26.4 nmol/g (Table 1).

The individual vitamers of thiamine in forage
species had differential distribution patterns (Fig-
ure 1). Thiamine pyrophosphate was the major
form of thiamine (47-74% total thiamine) in all
species except the round goby in which TPP was
40% of the total thiamine content. The mean con-
centration of TPP in whole fish from Lake Mich-
igan ranged from 5.3 nmol/g in round goby to 16.5
nmol/g in yellow perch. Free thiamine was the
second most abundant form of thiamine vitamers
(16-37% total thiamine), again with the exception
of the round goby in which FT was the most abun-
dant form of thiamine (56% total thiamine). Mean
concentrations of FT in forage species had arange
of 1.2 nmol/g in rainbow smelt to 8.7 nmol/g in
round goby. The least abundant form of thiamine
(4-19% total thiamine) was TMP in all species
except deepwater sculpin, in which TMP was not
significantly different from FT.) Given the differ-
ences in general proportions of the thiamine vi-
tamers, there were also significant differences in
the actual concentrations of the vitamers among
species (Figure 1).

Thiaminase activity varied significantly among
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FIGurRe 1.—Thiamine vitamer concentrations in for-
age fish collected from Lake Michigan. Values are |ake-
wide means of all samples collected over the study pe-
riod (1998-2000). See Table 1 for sample sizes for each
species.

the forage species collected in Lake Michigan (Ta-
ble 1). The lowest thiaminase activities (12-35
pmol - g~* - min-1) were measured in yellow perch,
round goby, and bloater; there were no significant
differences observed among these three species
(Duncan’s multiple-range test). The mean amount
of thiaminase activity in these three species was
near the limit of detection for the thiaminase assay
(approximately 5 pmol - g=* - min-%). Slightly
greater then these three species was the mean thi-
aminase activity of ninespine stickleback at 85
pmol - g~* - min~! and deepwater sculpin at 172
pmol - g1 - min-! (Table 1). The amount of thi-
aminase activity observed in the deepwater sculpin
and ninespine stickleback is still considered low,
even though the concentrations were detectable.
Thiaminase activity in alewife (mean = 4,280
pmol - g1 - min~1) and rainbow smelt (mean =
2,640 pmoal - g~1 - min~-1) were significantly greater
than the aforementioned species, but not signifi-
cantly different from one another (Table 1). Thi-
aminase activity in alewife was consistently great-
er than that observed in rainbow smelt at a given
location or collection season (Table 2), but the
amount of variation in thiaminase measurements
and among individuals within a location made
these differences statistically not significant. The
greatest amount of thiaminase activity detected in

Lake Michigan forage fish species was measured
in gizzard shad (31,800 pmol - g~* - min—%) and
spottail shiner (32,700 pmol - g-* - min-1; Table
1). These values were not different from one an-
other but were significantly greater than the thi-
aminase activity of all of the other species ex-
amined.

Location

The focal species of this study, alewife, rainbow
smelt, and bloater, were collected from 11 loca-
tions over the course of these studies (Table 2).
These collections were, in turn, focused on the
southeastern quadrant (Saugatuck, Grand Haven,
Muskegon, South Haven, and St. Joseph, Michi-
gan) and northwestern quadrant (Sturgeon Bay and
West Island, Wisconsin, and Manistique and Two
Rivers, Michigan) of Lake Michigan to determine
whether a simple regional difference in thiamine
or thiaminase activity in forage fish could be ob-
served. Simpleregional-based differencesin either
thiamine content or thiaminase activity in Lake
Michigan forage fish specieswere not evident from
these investigations (Duncan’s multiple-range
test). The mean concentrations of total thiamine,
thiamine vitamers, and thiaminase activity in ale-
wife from collection locations within these re-
gional quadrants were variable (Table 2; GLM).
The proportions of the thiamine vitamers (FT,
TMP, and TTP) relative to concentrations of total
thiamine varied among alewives as they varied
among rainbow smelt caught at different locations
(GLM). The thiaminase activity measured in rain-
bow smelt collected from locations across Lake
Michigan did not vary (GLM) and had a mean
activity of 2,640 pmol - g~ - min—%. Total thiamine
and thiamine vitamer content of bloaters varied
significantly among collection locations (Table 2;
GLM). The thiaminase activity of bloaters was
consistently small at all of the locations in Lake
Michigan (Table 2).

Season

Season of the year (spring, summer, or fall) in
which the forage fish were collected had a signif-
icant effect on both total thiamine vitamers (data
not shown) and thiaminase activity in alewife (Fig-
ure 2). Concentrations of total thiamine tended to
be lowest in spring-caught alewife, slightly ele-
vated in the summer, and slightly reduced in the
fall. The concentrations and relative proportions
of the thiamine vitamers measured in alewife also
varied among seasons (GLM); the exception was
TMP, which had mean concentrations of 2.1-2.3
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nmol TMP/g across all three seasons. Mean con-
centrations and relative proportions of TPPin ale-
wives collected in Lake Michigan across locations
were lowest in the spring (5.7 nmol TPP/g; 45%)
and similar in the summer (10.3 nmol/g; 58%) and
fall (9.0 nmol TPP/g; 59%). Mean concentrations
of FT in alewife acrosslocationsin Lake Michigan
were lowest in the fall (2.9 nmol FT/g; GLM) and
similar in the spring (4.4 nmol FT/g) and summer
(3.8 nmol FT/g). The mean proportions of FT were
greatest in spring-caught alewife (36%) and sim-
ilar in summer-caught (27%) and fall-caught
(24%) alewives. Thethiaminase activity in alewife
was greatest in the spring, lowest in the summer,
and intermediate in the fall (Figure 2).

Thetotal thiamine content of rainbow smelt fol-
lowed a similar seasonal trend to that of alewife:
lowest in spring, greatest in the summer, and lower
inthefall. The thiamine vitamers measured in rain-
bow smelt also varied among season of collection
(GLM) in asimilar fashion: smallest in the spring,
greatest in the summer, and intermediatein thefall.
The thiaminase activity in rainbow smelt did not
have significant seasonal differences when con-
sidered across all locations sampled (mean range,
2,560—2,790 pmol - g~ - min~1; Figure 2).

Total thiamine vitamers measured in bloater did
not vary as a function of season. Thiaminase ac-
tivity of bloaters collected during the summer was
statistically greater than the other seasons, but the
thiaminase activities of bloater were all extremely
low and the differences among seasons were not
thought to be biologically relevant (Table 2).

Year

The year-to-year variation in thiamine vitamers
and thiaminase activity was evaluated in alewife,
rainbow smelt, and bloater. Year-to-year variations
were observed in concentrations of thiamine vi-
tamers, the relative proportions of the vitamers,
and in thiaminase activity measured in alewives
collected from Lake Michigan in 1998, 1999, and
2000 (GLM). The lakewide mean value for con-
centrations of total thiamine in alewife was 17.7
nmol/g in 1998, down to 11.5 nmol/g in 1999, and
up to 18.2 nmol/g in 2000 (data not shown). Con-
centrations of TPP and TMP in alewife followed
this same pattern (lowest lakewide mean value in
1999), while the concentration of FT varied but
not in this same pattern. The mean thiaminase ac-
tivity in alewives collected at all locations of Lake
Michigan was 5,090 pmol - g=1 - min~t in 1998,
30% smaller in 1999 (3,560 pmol - g~ - min-1),

and then 4,000 pmol - g* - min~! in alewives
collected in the year 2000 (Figure 2).

The yearly mean value of total thiaminein rain-
bow smelt varied among the three years of col-
lection (GLM), as did the individual vitamers.
Concentrations of total thiamine, TMP, and TPP
in rainbow smelt from Lake Michigan were similar
in 1998 and 1999, but dramatically increased in
2000. The mean val ue of total thiaminein rainbow
smelt was 4.1 nmol/g in 1998 and 4.0 nmol/g in
1999 and then increased to 15.1 nmol/g in rainbow
smelt collected in the year 2000. Mean TPP in
rainbow smelt appeared to be the main reason for
this increase observed in total thiamine, as con-
centrations of TPP increased from 2.5 to 2.7 nmol/
g in 1998-1999 and reached 12.1 nmol/g in 2000.
The activity of thiaminase contained in the whole
carcasses of rainbow smelt did not vary over these
same three years of collection (Figure 2).

A variation was also observed in the mean thi-
amine content of bloaters caught in different years
from Lake Michigan (GLM). Total thiamine con-
centration was 15.5 nmol/g in bloaters caught in
1998 and then dropped to a mean value of 5.5
nmol/g in 1999. These differences were mainly
caused by differences in TPP form of the vitamin,
as FT did not vary across years. Thiaminase ac-
tivity in bloater was not measured after 1998 be-
cause of the extremely low activity measured in
this species.

Sze

The effect of forage fish size on total thiamine
content and thiaminase activity was investigated
by the collection of fish from at least three distinct
size-classes within the three focal species. It was
often not possible to obtain fish from each of the
size-classes during a given collection or at certain
times of the year. The weight and total length of
forage fishes were subject to correlation analysis
against total thiamine content or thiaminase activ-
ity to determine any simple, linear relationships.
Fish weight was used as the descriptive metric for
correlation analyses in all cases below for ease of
presentation. All correlations that were significant
when measured against weight were also signifi-
cant when measured against fish length. The dif-
ferences in species and seasonal values for both
thiamine and thiaminase (mentioned above) made
it requisite to conduct the comparisons by both
season and species.

There was a significant correlation between fish
weight and total thiamine in alewives caught in
the summer (r = 0.31, P < 0.0001), while no such
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TaBLE 2.—Total thiamine content and thiaminase activity measured in alewife, rainbow smelt, and bloater collected
from locations in Lake Michigan during 1998—-2000. Standard deviation (in parentheses) follows the mean value. Values
without parentheses are single values (N = 1). Blanks represent no sample taken; NA = not analyzed.

Alewife
Thiamine Thiaminase
Region Location Season and year (nmol/g) (pmol-g-1-min-1)
SE Saugatuck, Michigan Spring 1998 9.7 (3.4) 5,760 (2,170)
Spring 1999 14.2 (3.6) 7,880 (2,040)
Fall 1999 33 (1.0 4,310 (1,370)
Spring 2000 11.1 (2.0) 5,170 (2,170)
SE Grand Haven, Michigan Summer 2000
SE Muskegon, Michigan Summer 2000 21.4 (6.6) 3,370 (1,500)
SE South Haven, Michigan Summer 1998 11.7 (5.1) 4,420 (1,850)
Fall 1998 13.9 (2.6) 3,340 (1,780)
Spring 1999 9.4 1,760
Summer 1999 16.0 (8.2) 3,010 (1,630)
Summer 2000 14.1 (6.3) 2,580 (1,270)
SE St. Joseph, Michigan Summer 1999 21.1 (11.2) 3,910 (1,800)
SW Port Washington, Wisconsin Fall 1998 15.4 (7.5) 5,850 (2,200)
NwW Sturgeon Bay, Wisconsin Spring 1998 13.7 (4.6) 6,180 (2,370)
Summer 1998 17.1 (5.1) 4,570 (1,850)
Summer 1999 14.1 (5.0) 2,940 (1,490)
Fall 1999 18.5 (6.4) 4,440 (2,390)
Spring 2000 15.7 (3.9) 8,640 (3,150)
Summer 2000 24.0 (6.5) 4,540 (2,130)
Fall 2000 18.1 (6.8) 3,740 (2,900)
NW Manistique, Michigan Summer 1988 24.8 (5.4) 5,750 (2,500)
Summer 1999 6.7 (2.0) 2,600 (1,850)
NW Two Rivers, Michigan Fall 1998 185 (1.7) 7,780 (2,880)
NW West Island, Wisconsin Summer 1999 7121 2,230 (1,140)
NE Grand Traverse Bay, Michigan Summer 1998 21.6 (6.6) 4,890 (1,800)

correlation was observed in alewives caught in the
spring and fall. Alewife weight was also positively
correlated with thiaminase activity in the summer
(r = 0.45; P < 0.0001) and in the fall (r = 0.25;
P = 0.03). However, thiaminase activity was not
correlated with weight in spring-caught alewives.
The condition of alewives (Fulton’s condition fac-
tor) was also significantly correlated with the ac-
tivity of thiaminase measured in alewives from
Lake Michigan; however, K only explained asmall
portion of the variance (r = 0.20; P = 0.001) over
the entire range of the alewife data set.

Thiamine content of rainbow smelt had no cor-
relation with fish size (length or weight) in the
summer or fall and was negatively correlated with
fish size in spring-caught fish (r =—0.53; P =
0.008). Thiaminase activity in rainbow smelt was
not correlated with fish size in any time of the
year. No significant correlations were observed be-
tween fish size and thiamine content or thiaminase
activity in bloaters caught during any time of the
year.

Thiamine-Thiaminase

The relationship between thiamine content and
thiaminase activity was explored in the three focal

species, alewife, rainbow smelt, and bloater, dur-
ing the three observational seasons. Alewife had
a positive correlation between thiamine content
and thiaminase activity in both spring-caught (r =
0.33; P = 0.014) and summer-caught (r = 0.26;
P < 0.0001) fish. This correlation between thia-
mine content and thiaminase activity was not ob-
served during the fall season. No significant cor-
relations were observed between thiamine and thi-
aminase in rainbow smelt. Bloater had a significant
correlation between thiamine content and thiami-
nase activity in spring-caught fish (r = 0.57; P =
0.03), but no significant relationship was observed
in the summer or fall for this species.

Discussion

Mean concentrations of total thiamine in forage
fishes varied little among the eight forage fish spe-
cies examined in these studies. The mean total
thiamine content of rainbow smelt was the lowest
of the forage fish species and was significantly
smaller than many other species. Fitzsimons et al.
(1998) found muscle concentrations of thiamine to
be the lowest among alewife, bloater, cisco Cor-
egonus artedi, and rainbow smelt collected from
either Lake Michigan or Lake Ontario. These au-
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Rainbow smelt Bloater
Thiaminase Thiamine Thiaminase
Location Season and year  Thiamine (nmol/g)  (pmol-g-1-min-1) (nmol/g) (pmol-g-1-min-1)
Saugatuck, Michigan Spring 1998 2.6 (1.6) 2,870 (892) 13.3 (3.1) 15 (7)
Spring 1999 1.0 (0.2) 1,670 (400)
Fall 1999 1.5 (0.6) 2,730 (4,140)
Spring 2000 9.8 (3.3 2,020 (476)
Grand Haven, Michigan Summer 2000 12.1 1,500
Muskegon, Michigan Summer 2000 13.9 (4.5) 2,460 (1,890)
South Haven, Michigan Summer 1998 16.3 (6.8) 58 (48)
Fall 1998
Spring 1999
Summer 1999
Summer 2000 233 (1.7) 345 (106)
St. Joseph, Michigan Summer 1999
Port Washington, Wisconsin Fall 1998 9.0 (1.8) 1,800 (879) 9.0 (2.5) NA
Sturgeon Bay, Wisconsin Spring 1998 34 (1.9 2,950 (1,450) 11.7 (2.0) 10 (1)
Summer 1998 10.5 (5.6) 23 (17)
Summer 1999
Fall 1999 87 (2.1) 3,150 (2,940)
Spring 2000
Summer 2000 15.9 (3.8) 3,420 (1,910)
Fall 2000 19.2 (3.4) 2,640 (1,030)
Manistique, Michigan Summer 1988 26.9 (8.3 16 (10)
Summer 1999 1.6 (0.9) 2,530 (1,150) 53(1.1) NA
Two Rivers, Michigan Fall 1998 26.0 (4.9) 37 (38)
West Island, Wisconsin Summer 1999 41 (1.7) 1,600 (1,380) 7 NA
Grand Traverse Bay, Michigan ~ Summer 1998
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FIGURE 2.—Seasonal and yearly mean values of thiaminase activity in alewife and rainbow smelt collected from
Lake Michigan in 1998-2000. Values are the means for a species collected from all locations across L ake Michigan.
Values with different letters within a species are significantly different (general linear model: P < 0.05).



20 TILLITT ET AL.

thors measured thiamine vitamers in muscle tissue
from alewives (11.1 nmol/g), slimy sculpins (10.9
nmol/g), bloaters (5.8 nmol/g), and rainbow smelt
(2.5 nmol/g) collected in the fall of 1995 from
Lake Michigan. The values of total thiamine were
within the same range that we observed, only all
values from the earlier study were less than those
presented here (Table 1). The differences in con-
centrations of total thiamine measured in the same
species is probably a result of the differences in
the tissues that were analyzed in the two research
efforts (whole fish in this report versus muscle
tissue in the Fitzsimons et al. 1998 study). Thia-
mine content in muscle is often less than in other
tissues of fish (Halver 1989).

Thiamine pyrophosphate was the predominant
form of thiamine measured in whole carcasses of
forage fish species collected in Lake Michigan
(TPR, 47-74%); the exception was round goby
(TTR, 40%). There were location, seasonal, and
yearly differencesin therelativeratios of FT, TMP,
and TPPR, but these differences in relative propor-
tions of the thiamine vitamer forms were generally
small. The relative abundance of the thiamine vi-
tamers from greatest to least was TPP-FT-TMP
in all species, except round goby in which the
relative abundance was FT-TPP-TMP and deep-
water sculpin with a relative abundance of TPP—
TMP-FT (Figure 1). The relative abundance of
thiamine vitamers in muscle samples of alewives,
rainbow smelt, and bloaters collected from Lake
Michigan in 1995 was TPP-TMP—FT (Fitzsimons
et al. 1998). The greatest variation in relative abun-
dance of the thiamine vitamers among the target
species was observed in bloater (Figure 1). Abun-
dance of FT was greater than other thiamine vi-
tamersin bloaters collected in Lake Michigan near
Saugatuck (spring 1998), Sturgeon Bay (spring
1998), Manistique (summer 1999), and West |s-
land (summer 1999; data not shown). It is inter-
esting to note that even though the relative abun-
dance of the thiamine vitamers varies, the con-
centrations of FT and TMP remained fairly con-
stant within a species. The largest differences in
the relative proportions of thiamine vitamers were
generally seen in the TPP content. Thiamine py-
rophosphate accounted for most of the year-to-year
differences noted in alewife, rainbow smelt, and
bloater (data not shown). These differencesin TPP
content may be significant with respect to the thi-
amine status of these species. Thiamine pyro-
phosphate is the active form of the metabolic co-
factor (Halver 1989) and, as such, changesin con-

centrations of TPP will have more pronounced ef-
fects on thiamine-dependent enzymes.

The thiamine content of the target speciesvaried
among collection locations in Lake Michigan (Ta-
ble 2), season of the year (Figure 2), and year of
collection (Figure 2). These differences observed
in thiamine content, however, were not always the
same in direction or magnitude among alewife,
rainbow smelt, and bloater. For example, mean
concentrations of total thiamine in alewife and
rainbow smelt were greatest in the summer, while
no seasonal differences were observed in bloater
(Table 2). This point is highlighted in instances
where species were co-collected (Table 2). For ex-
ample, there was a relative increase in total thia-
mine concentrations in alewives collected near
Saugatuck in the spring of 1998 (9.7 nmol/g) com-
pared with the next year at the same location
(spring 1999, 14.2 nmol/g). At the same times and
locations, concentrations of total thiaminein rain-
bow smelt went down (spring 1998, 2.6 nmol/g;
spring 1999, 1.0 nmol/g; Table 2). Concentrations
of total thiamine in alewives and rainbow smelt
collected at Sturgeon Bay (summer 2000 and fall
2000) also went in opposite directions, only this
time decreasing in alewife and increasing in rain-
bow smelt (Table 2). Changes in thiamine con-
centrations (both seasonally and across years dur-
ing the same season) that go in the opposite di-
rections in different species indicate that the fac-
tors that control thiamine content are different
among these species. Thisis not unexpected in the
sense that alewife and rainbow smelt in Lake
Michigan are known to have differential feeding
niches and temperature preferences (Foltz and
Norden 1977; Janssen and Brandt 1980).

Regardless of the differences noted in the mea-
sured concentrations of thiaminein forage fish spe-
cies collected from Lake Michigan, all of the spe-
cies contained thiamine concentrations that were
much greater than the presumed dietary require-
ments of 1.0 nmol/g for salmonine species and
EMS (Brown et al. 2005) or that estimated by Hal-
ver (1989) for adult fish health (3.0 nmol/g). Thus,
the total thiamine content of the forage fishes does
not appear to be the critical or limiting factor for
the observed thiamine deficiency that occurs in
Lake Michigan salmonines.

Thiaminase Activities in Forage Species
Thiaminase in the diets of salmoninesisthought
to be a causal agent in the development and onset
of thiamine deficiency in adults and EMS in off-
spring of thiamine-deficient broodstock (Fisher et
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al. 1995; Fitzsimons 1995; Fitzsimons et al. 1998;
Ji and Adelman 1998). Indeed, dietary thiaminase
can cause thiamine deficiency in fishes in labo-
ratory experiments (Wolf 1942; Harrington 1954;
Ishihara et al. 1978; Ji et al. 1998). Salmonines
are particularly sensitive to dietary thiaminase and
subsequent thiamine deficiency. Recently, detailed
studies have documented the quantitative relation-
ship between thiaminase activity in the diets of
lake trout broodstock and the development of thi-
amine deficiency, including EMS in fry (Honey-
field et al. 2005, this issue). Thus, a better under-
standing of the fluctuations in thiaminase activity
in forage fishes of the Great Lakes and the factors
that influence that activity will be vital to under-
stand and predict the impact of thiaminase on pop-
ulations of lake trout in Lake Michigan and the
other Great Lakes. Our measurements of thiami-
nase activity in major forage species of salmonines
were designed to provide insight into these fluc-
tuations.

Thiaminase activity varied significantly among
species of forage fish collected from Lake Mich-
igan. The species that had the lowest thiaminase
activities (deepwater sculpin, bloater, ninespine
stickleback, and yellow perch) were all native spe-
cies to Lake Michigan. Low (or no) thiaminase
activity has been reported in whole-body analyses
of yellow perch collected from Lake Michigan
(Deutsch and Hasler 1943) and Nova Scotia (Nei-
lands 1947). Viscera of yellow perch contained
some thiamine-destroying ability that was pre-
sumed to result from dietary sources (Arsan 1970).
Bloater contained no appreciable amounts of thi-
aminase activity in our studies (Table 1) or in pre-
vious reports (Grieg and Gnaedinger 1971). No
studies were found that examined thiaminase ac-
tivity in deepwater sculpin; however, fourhorn
sculpin  Myoxocephalus quadricornis collected
from Lake Michigan in the late 1960s to early
1970s contained an unreported but ‘‘positive”
amount of thiaminase activity (Grieg and Gnae-
dinger 1971). The species with the greatest amount
of thiaminase activity in our studies were gizzard
shad and spottail shiner (Table 1). Gnaedinger and
Krzeczkowski (1966) reported thiaminase activity
in both of these species. It is interesting to note
that Gnaedinger and Krzeczkowski (1966) found
that spottail shiner thiaminase activity was signif-
icantly greater than thiaminase activity in alewives
also taken from Lake Michigan. Although the ex-
act values for thiaminase activity cannot be com-
pared directly between our studies and Gnaedinger
and Krzeczkowski’'s (1966) because of method dif-

ferences, the relative differences between thiami-
nase activity in spottail shiners and alewives were
the same in both studies. Gizzard shad had similar
amounts of thiaminase activity as spottail shiners
in our studies (Table 1), but were reported to have
one-tenth the activity of spottail shiners in Gnae-
dinger and Krzeczkowski (1966). However, the
source of gizzard shad was L ake Erieintheir study,
and lake-specific factors appear to influence thi-
aminase activity (Fitzsimons et al. 2005, this is-
sue). The round goby analyzed in our studies con-
tained only small amounts of thiaminase activity
that were just near the level of detection for the
assay. No previous information was available for
this species. In summary, the two species with the
greatest amounts of thiaminase activity, spottail
shiners and gizzard shad, are not major compo-
nents of the diets of lake trout or other salmonines
in Lake Michigan (Miller and Holey 1992) and,
as such, are not thought to be significant factors
in the development of thiamine deficiency in Lake
Michigan salmonines. The low thiaminase activity
measured in yellow perch, ninespine stickleback,
round goby, deepwater sculpin, and bloater sug-
gests that these species are probably unable to con-
tribute to thiamine deficiencies of salmonines in
the Great Lakes.

Alewife, an introduced species in the Lake
Michigan ecosystem, had large and variable
amounts of thiaminase activity. Conversely, the
variation in thiaminase activity measured in rain-
bow smelt was not significant among locations,
seasons, or years of collection (GLM; Figure 2).
Alewife and rainbow smelt from Lake Michigan
were known to contain appreciable amounts of thi-
aminase activity (Deutsch and Hasler 1943; Nei-
lands 1947; Gnaedinger and Krzeczkowski 1966;
Ji and Adelman 1998). The trends in thiaminase
activity that we observed in our studies in Lake
Michigan are not consistent with Ji and Adelman’s
(1998) report of thiaminase in the Great Lakes. In
particular, we observed thiaminase activity in ale-
wife to always be greater than thiaminase activity
in rainbow smelt (Table 2). Ji and Adelman (1998)
found rainbow smelt to contain more thiaminase
activity than alewife (e.g., inthefall in Lake Mich-
igan). At least part of these differences in our re-
ports is probably a result of differences in meth-
odologies related to the measurement of thiami-
nase activities in the forage species. Our protocols
called for the addition of a base cofactor that was
used during the measurement of the enzymatic re-
action (Zajicek et al. 2005), while Ji and Adel-
man’s (1998) procedures did not use a cofactor
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during the measurement of the enzymatic activity.
We used the cofactor in our assay to optimize con-
ditions for the enzymatic reaction. It is known that
thiaminase | activity in situ uses one of several
base cofactors (Wittliff and Airth 1970); however,
the amounts of these cofactors present at the site
of the enzyme is not understood (Sato et al. 1994).
Thus, our reports of enzymatic activities of thi-
aminase in forage fishes represent an optimal con-
dition for the enzyme. We felt that understanding
thiaminase activity under optimal, standardized
conditions for the base cofactor in the forage fish
samples would provide the best understanding of
the enzymatic activity possiblein the foragefishes.
The values we report for thiaminase activities in
alewife and rainbow smelt were significantly
greater than Ji and Adelman (1998) reported. The
ideal situation would be to have known amounts
of the correct bases present at the site of the en-
zyme in situ, but this requires the knowledge of
the dynamics of the thiaminase enzyme under in-
tracellular and extracellular conditions encoun-
tered in the forage fishes and during digestion of
the fishes. We simply do not have these exact con-
ditions. Thus, providing optimal conditionsfor the
enzyme will let us understand the full potential of
the thiaminase present. Clearly, thiaminase activ-
ity is present in significant amounts in both rain-
bow smelt and alewife of Lake Michigan. The fact
that alewife and rainbow smelt comprise a large
portion of the lake trout diet in Lake Michigan
(Miller and Holey 1992) combined with the ele-
vated thiaminase activity observed in these two
species suggests that these species are key caus-
ative factors in the onset and development of thi-
amine deficiency in Lake Michigan.

Thiaminase activity in alewife was positively
correlated with fish size in the summer and fall,
but this relationship was not found with rainbow
smelt in our studies. Therelationship of thiaminase
with alewife size might help in the development
of predictive models of thiamine deficiency; how-
ever, the seasonal effects must be considered and
the strength of the relationship of thiaminase with
size was not very strong. Fitzsimons et al. (2005)
did not find a relationship among size and thi-
aminase in alewives collected from New York’s
Finger Lakes. The reasons for these differences
are not known. Diets may influence thiaminase ac-
tivity in alewife and other species. Alewife feed
mainly on zooplankton (Janssen and Brandt 1980)
and, thus, may be more susceptible to changes in
primary producers than rainbow smelt, for ex-
ample, which are more piscivorous (Brandt and

Madon 1986). The fact that rainbow smelt tend to
be more piscivorous may cause them to have re-
duced fluctuations in thiaminase activity. Again,
these factors and relationships are simply not
known. The variability of thiaminase in alewife,
compared with the fairly constant amount of thi-
aminase observed in rainbow smelt across loca-
tions, seasons, and years of collection, offers an
important opportunity to study the factors that
might control thiaminase in these fishes. It is clear
that the simple presence of a speciesin the diet is
not enough to cause thiamine deficiency in sal-
monines.

The source of thiaminase in forage fishes ap-
pears to originate from bacteria in the gut of the
forage species and from possible dietary sources,
such as the Cyanobacteria blue-green algae. Evi-
dence for a bacterial origin of thiaminase in fishes
comes from the fact that (1) thiaminase has been
identified and the gene has been cloned in Bacillus
thiaminolyticus (recently reclassified as Paeniba-
cillus thiaminolyticus; Abe et a. 1987); (2) this
bacteria has been isolated and cultured from the
alewifedigestivetract (Honeyfield et al. 2002); (3)
the distribution of thiaminase in fishesis consistent
with locations that bacteria are present in fishes
(Fujita 1954; Zajicek et al. 2005); and (4) the bio-
chemical characteristics (including pH and tem-
perature optima) of the thiaminase found in forage
fishes, and in particular alewife from Lake Mich-
igan, are consistent with a bacterial source (see
Zajicek et al. 2005). The greatest amount of thi-
aminase activity in fish, including forage fishes of
Lake Michigan, is found in the tissues of the
spleen, intestine, and kidneys (Fujita1954; Zajicek
et al. 2005). If thiaminase activitiesin forage fishes
of Lake Michigan were the result of bacterial
sources, then the differences in thiaminase activ-
ities observed among species (Table 1) may, in
part, be a result of species-specific physiological
conditions of the fishes. There appear to be some
consistencies in the presence or absence of thi-
aminase activity among species that have been ex-
amined over the years (see discussions above).
Even when spatial and temporal differences are
considered, species that have thiaminase activity
tend to always have this activity, while those that
do not have thiaminase activity consistently do not
show thiamine-degrading ability. Thus, a certain
degree of species-specific factors such as physi-
ological conditions appear to be important, re-
gardless of external environmental factors. Envi-
ronmental factors (temperature, dissolved oxygen,
etc.) and dietary factors (prey species, food quality
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and quantity) affect both the microflora and the
physiological conditions of the fish (Fange and
Grove 1979). Thus, changes in physiological con-
ditions in alewife may well affect growth char-
acteristics of Paenibacillus thiaminolyticus (or oth-
er relevant microflora) and, in turn, affect the ac-
tivity of thiaminase present in the alewife. How-
ever, essential nutrient requirements and optimal
growth conditions are not known for these bac-
teria. A clear research need is to better understand
nutritional and environmental factors that influ-
ence or limit the growth of microflora in alewife
and, possibly, rainbow smelt. The ecological im-
plications of thiaminase-producing bacteriain for-
age fishes are truly an intriguing question.

Another possible source of thiaminase and var-
iation in thiaminase in the Great Lakes is blue-
green algae. They are known to produce thiami-
nase (Fujita 1954), but not much is known about
the characteristics of blue-green algae-derived
protein. Arsan (1970) measured thiaminase in
some freshwater species of fish and noted seasonal
fluctuations. Thiaminase activitiesin the liver and
intestines of all speciesin their studies were great-
est in summer-caught fish organs. The author at-
tributed the seasonal differences to blue-green
algae-derived thiaminase from summer blooms.
We found thiaminase activities to be smallest in
alewives caught in the summer and greatest in ale-
wives caught in the spring. It is certainly con-
ceivablethat differencesin the limnology and sub-
sequent ecology of the different lakes could result
in different control mechanisms and sources of
thiaminase in forage fishes (Fitzsimons et al.
2005). An evaluation of the enzymatic nature of
blue-green algae-derived thiaminase and devel-
opment of reagents for each type of thiaminase
will provide tools to answer some of our chal-
lenging questions surrounding the role and origins
of thiaminase in thiamine-deficient Great Lakes
salmonines.

Conclusions

Evidence from our study is consistent with the
notion that thiaminase activity in the major forage
fish species is a key causative factor in the de-
velopment of thiamine deficiency and subsequent
EMS of Lake Michigan salmonines. The thiamine
content in these same forage fish species was not
low enough to be considered a prominent factor
of this disease. There was some variation in the
total thiamine content of alewife and rainbow
smelt across seasons, locations, and years of col-
lection, but the mean values never dropped below

dietary requirements for salmonines. Thiaminase
activity was elevated in the most prominent forage
fish species in the diets of salmonines, alewives,
and rainbow smelt. Thiaminase was variable in
alewife but fairly constant in rainbow smelt. The
variation in thiaminase of alewife was not pre-
dicted simply by regional area of collection or the
size of the fish. Thus, a more complex understand-
ing of the factors that control thiaminase activity
is required to make predictions about the impacts
of forage fish thiaminase activity on salmonine
populations and EMS.

Acknowledgments

Funding for this work was provided by a Great
Lakes Fishery Trust grant to Dale Honeyfield,
Scott Brown, John Fitzsimons, and Don Tillitt. Ad-
ditionally, the authors received in-kind support
from their respective agencies. We thank the Great
Lakes Fishery Commission for contributions and
long-standing support of EMS research. Fish col-
lection and initial processing were completed by
Pat McKee and Mike Toneys from the Wisconsin
Department of Natural Resources and Jory Jonas
and Dave Clapp from the Michigan Department of
Natural Resources. Technical support for this pro-
ject was provided by Joy Hinterkopf from the
Wellsboro Laboratory; Mitra Brown, Maria Vil-
lella, and Kristin Moore from the NWRI,; and Shi-
tal Shah, Michelle Seabaugh, Paul Barone, Matt
Rogers, and Nicole Widenbenner from CERC,. As-
sistance with statistical analysis was provided by
Linda Sappington from CERC.

References

Abe, M., S.-I. Ito, M. Kimoto, R. Hayashi, and T. Nish-
imune. 1987. Molecular studies on thiaminase I.
Biochimica et Biophysica Acta 909:213-221.

Amcoff, P, H. Borjeson, P Landergren, L. Vallin, and
L. Norrgen. 1999. Thiamine (vitamin B,) concen-
trationsin salmon (Salmo salar), brown trout (Salmo
trutta), and cod (Gadus morhua) from the Baltic Sea.
Ambio 28:48-54.

Arsan, M. O. 1970. Thiaminase activity in the liver and
intestine of some freshwater fishes. Hydrobiol ogical
Journal 6(4):75-77.

Brandt, S. B., and S. P Madon. 1986. Rainbow smelt
(Osmerus mordax) predation on slimy sculpin (Cot-
tus cognatus) in Lake Ontario. Journal of Great
Lakes Research 12:322-325.

Brown, S. B., D. C. Honeyfield, J. G. Hnath, M. Wol-
gamood, S. V. Marcquenski, J. D. Fitzsimons, and
D. E. Tillitt. 2005. Thiamine status in adult sal-
monines in the Great Lakes. Journal of Aquatic An-
imal Health 17:59-64.

Brown, S. B., D. C. Honeyfield, and L. Vandenbyllaardt.
1998. Thiamine analysis in fish tissues. Pages 73—



24 TILLITT ET AL.

81 in G. McDonald, J. D. Fitzsimons, and D. C.
Honeyfield, editors. Early life stage mortality syn-
drome in fishes of the Great Lakes and the Baltic
Sea. American Fisheries Society, Symposium 21,
Bethesda, Maryland.

Deutsch, H. F, and A. D. Hasler. 1943. Distribution of
avitamin B, destructive enzymein fish. Proceedings
of the Society for Experimental Biology and Med-
icine 53:63-65.

Fange, R., and D. Grove. 1979. Digestion. Pages 280—
352 in W. S. Hoar, D. J. Randall, and J. R. Brett,
editors. Fish physiology, volume VIII. Bioenerget-
ics and growth. Academic Press, New York.

Fisher, J. P, J. M. Spitsbergen, R. Getchell, J. Symula,
J. Skea, M. Babenzein, and T. Chiotti. 1995. Re-
productive failure of landlocked Atlantic salmon
from New York’s Finger Lakes: investigations into
the etiology and epidemiology of the ** Cayuga syn-
drome.” Journal of Aquatic Animal Health 7:81—
94,

Fitzsimons, J. D. 1995. The effect of B-vitamins on a
swim-up syndrome in Lake Ontario lake trout. Jour-
nal of Great L akes Research 21(Supplement 1):286—
289.

Fitzsimons, J. D., S. B. Brown, D. C. Honeyfield, and
J. G. Hnath. 1999. A review of early mortality syn-
dromein Great L akes salmonids and itsrelationship
with thiamine. Ambio 28:9-15.

Fitzsimons, J. D., S. B. Brown, and L. Vandenbyllaardt.
1998. Thiamine levels in food chains of the Great
Lakes. Pages 90—-98 in G. McDonald, J. D. Fitzsi-
mons, and D. C. Honeyfield, editors. Early life stage
mortality syndrome in fishes of the Great L akes and
the Baltic Sea. American Fisheries Society, Sym-
posium 21, Bethesda, Maryland.

Fitzsimons, J. D., B. Williston, J. L. Zgjicek, D. E. Tillitt,
S. B. Brown, L. R. Brown, D. C. Honeyfield, D. M.
Warner, L. G. Rudstam, and W. Pearsall. 2005. Thi-
amine content and thiaminase activity of ten fresh-
water stocks and one marine stock of alewives. Jour-
nal of Aquatic Animal Health 17:26-35.

Foltz, J. W., and C. R. Norden. 1977. Food habitats and
feeding chronology of rainbow smelt, Osmerus mor-
dax, in Lake Michigan. Fishery Bulletin 75:637—
640.

Fujita, A. 1954. Thiaminase. Advances in Enzymology
15:389-421.

Gnaedinger, R. H., and R. A. Krzeczkowski. 1966. Heat
inactivation of thiaminase in whole fish. Commer-
cial Fisheries Review 28:55-59.

Grieg, R. A., and R. H. Gnaedinger. 1971. Occurrence
of thiaminase in some common aquatic animals of
the United States and Canada. NOAA (National
Oceanic and Atmospheric Administration) Techni-
cal Report NMFS (National Marine Fisheries Ser-
vice) SSRF (Special Scientific Report Fisheries)
631.

Halver, J. E. 1989. The vitamins. Pages 31-109 in J. E.
Halver, editor. Fish nutrition, 2nd edition. Academic
Press, New York.

Harrington, R., Jr. 1954. Contrasting susceptibilities of
two fish species to a diet destructive to vitamin B-

1. Journal of the Fisheries Research Board of Can-
ada 11:529-534.

Honeyfield, D. C., J. P Hinterkopf, and S. B. Brown.
2002. Isolation of thiaminase-positive bacteria
from alewife. Transactions of the American Fish-
eries Society 131:171-175.

Honeyfield, D. C., J. P Hinterkopf, J. D. Fitzsimons, D.
E. Tillitt, J. L. Zajicek, and S. B. Brown. 2005.
Development of thiamine deficiencies and early
mortality syndrome in lake trout by feeding exper-
imental and feral fish diets containing thiaminase.
Journal of Aquatic Animal Health 17:4-12.

Ishihara, T., K. Hara, M. Yagi, and M. Yasuda. 1978.
Studies on thiaminase | in marine fish, VIII. Thi-
aminase requirement of yellowtail fed anchovy.
Bulletin of the Japanese Society of Scientific Fish-
eries 44(6):659—-664.

Janssen, J., and S. B. Brandt. 1980. Feeding ecology
and vertical migration of adult alewives (Alosa
pseudoharengus) in Lake Michigan. Canadian Jour-
nal of Fisheries and Aquatic Sciences 37:177-184.

Ji, Y. Q., and |. R. Adelman. 1998. Thiaminase activity
in alewives and smelt in Lakes Huron, Michigan,
and Superior. Pages 154-159 in G. McDonald, J.
D. Fitzsimons, and D. C. Honeyfield, editors. Early
life stage mortality syndrome in fishes of the Great
Lakes and the Baltic Sea. American Fisheries So-
ciety, Symposium 21, Bethesda, Maryland.

Ji, Y. Q. J J Warthesen, and |I. R. Adelman. 1998.
Thiamine nutrition, synthesis, and retention in re-
lation to lake trout reproduction in the Great L akes.
Pages 99-111 in G. McDonald, J. D. Fitzsimons,
and D. C. Honeyfield, editors. Early life stage mor-
tality syndrome in fishes of the Great Lakes and the
Baltic Sea. American Fisheries Society, Symposium
21, Bethesda, Maryland.

Marcquenski, S. V., and S. B. Brown. 1997. Early mor-
tality syndrome in the Great Lakes. Pages 135-152
inR. M. Rolland, M. Gilbertson, and R. E. Peterson,
editors. Chemically induced alterationsin function-
al development and reproduction in fishes. SETAC
Press, Pensacola Florida.

Miller, M. A., and M. E. Holey. 1992. Diets of lake trout
inhabiting nearshore and offshore Lake Michigan
environments. Journal of Great Lakes Research
18(1):51-60.

Neilands, J. B. 1947. Thiaminase in aquatic animals of
Nova Scotia. Journal of the Fisheries Research
Board of Canada 7:94-99.

SAS Institute. 1990. SAS/STAT user’s guide, version
6, 4th edition, volume 1. SAS Institute, Cary, North
Carolina.

Sato, M., S. Hayashi, and K. Nishino. 1994. Subcellular
localization of thiaminase in the kidney and spleen
of carp, Cyprinus carpio. Comparative Biochemis-
try and Physiology 108A(1):31-38.

Wistbacka, S., A. Heinonen, and G. Bylund. 2002. Thi-
aminase activity of gastrointestinal contents of
salmon and herring from the Baltic Sea. Journal of
Fish Biology 60:1031-1042.

Wittliff, J. L., and R. L. Airth. 1970. Thiaminase. Pages
2299-2234 in D. B. McCormick and L. D. Wright,



LAKE MICHIGAN FORAGE FISH THIAMINE-THIAMINASE 25

editors. Methods in enzymology, volume 18A. Ac-
ademic Press, New York.

Wolf, L. E. 1942. Fish-diet disease of trout: a vitamin
deficiency produced by diets containing raw fish.
New York State Conservation Department, Bureau
of Fish Culture, Fisheries Research Bulletin 2, Al-
bany.

Wolgamood, M., J. G. Hnath, S. B. Brown, K. Moore,
S. V. Marcquenski, D. C. Honeyfield, J. P. Hinter-
kopf, J. D. Fitzsimons, and D. E. Tillitt. 2005. Tem-
poral and spatial variation of early mortality syn-

drome in salmonids from Lakes Michigan and Hu-
ron. Journal of Aquatic Animal Health 17:65-76.

Wright, G. M., S. B. Brown, L. R. Brown, K. Moore,
M. Villella, J. L. Zgjicek, D. E. Tillitt, J. D. Fitz-
simons, and D. C. Honeyfield. 2005. Effect of sam-
ple handling on thiamine and thiaminolytic activity
in alewife. Journal of Aquatic Animal Health 17:
77-81.

Zgjicek, J. L., D. E. Tillitt, D. C. Honeyfield, S. B.
Brown, and J. D. Fitzsimons. 2005. A method for
measuring total thiaminase activity in fish tissues.
Journal of Aquatic Animal Health 17:82-94.



