UNIVERSITY OF WISCONSIN-LA CROSSE

Graduate Studies

DIGESTIVE PHYSIOLOGY AND DIETARY OVERLAP OF AQUATIC

INVERTEBRATES IN THE UPPER MISSISSIPPI RIVER BASIN

A Research Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of Master of Science in Cellular and Molecular Biology

Blake William Sauey

College of Science and Health
Cellular and Molecular Biology

August, 2013



DIGESTIVE PHYSIOLOGY AND DIETARY OVERLAP OF AQUATIC

INVERTEBRATES IN THE UPPER MISSISSIPPI RIVER BASIN
By Blake W. Sauey

We recommend acceptance of this thesis in partial fulfillment of the candidate’s
requirements for the degree of Master of Science in Cellular and Molecular Biology.

The candidate has completed the oral defense of the thesis.

74%%»/ /4\.] oz, R1, 28/ 3

Roger Hafo, Ph.D” Y Date
Thesis Co 1ttee Chairperson B

// ( 27 Aub 2013

/J%n Ambe;gi)h 12? Date
Thesis CoOmmittee ber
e 2/ Ay 2873
Mark Gaikowski, M.A. Date

Thesis Committee Member

g;&?f Cpc:zi,/ﬂe/k /41/»; 02/ 2/ 3

Scott Cooper, Ph.D. Date
Thesis Comm1ttee Member

? %}L(é Au 21 20/3
Sandra Grunwald, Ph.D. < Date

Thesis Committee Member

ThesisAccepted
7 Steven Simpson, PA.D. /' Dite

Graduate Studies Director



ABSTRACT

Sauey, B.W. Digestive physiology and dietary overlap of aquatic invertebrates in the
upper mississippi river basin. MS in Cellular and Molecular Biology, August 2013, 82pp.
(R. Haro)

Zebra mussels Dreissena polymorpha are invasive species in North America posing
significant threats to native ecosystems and organisms. Costs to waste-water treatment
and electrical power plants are in the hundreds of millions of dollars. Resource managers
lack control tools that selectively target zebra mussels. One potential avenue to control
zebra mussels is their digestive physiology, of which little information is known. If
specific enzyme(s) can be identified as unique to zebra mussels, a species-specific
biocide potentially can be formulated. The api®ZYM kit was modified to screen 19
enzymes in the digestive tract of zebra mussels to identify potential differences between
zebra mussels and native invertebrates. Digestive enzymes from zebra mussels,
threeridge mussels Amblema plicata, and a caddisfly Hydropsyche orris were screened
over four months at three sites along the Mississippi River to observe relative enzyme
profiles. Results suggest sample location and time did not affect digestive enzyme
profiles; however species were different (p < 0.01). Four enzymes (alkaline phosphatase,
acid phosphatase, leucine arylamidase, and N-acteyl-B-glucosaminidase) were quantified
using specific enzyme kits. Zebra mussel acid phosphatase did not respond to
temperature decrease. Acid phosphatase may be exploitable to develop a selectively
targeted control tool.
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GENERAL INTRODUCTION

Zebra mussels (Dreissena polymorpha) originated from the Azov, Black and
Caspian seas (Mackie and Schloesser, 1996) and spread across North America in ballast
water (Mackie, 1991) and by recreational boating (Johnson et al. 2001). Since their
introduction in the Laurentian Great Lakes in the late 1980’s, zebra mussels have spread
across the U.S. causing significant economic damage. Zebra mussels have been known to
clog water intake pipes for water treatment plants and power generation facilities costing
these industries $267 million from 1989 to 2004 in the United States (Connelly et al.
2007; Strayer, 2009). Other industries, such as fisheries, shipping, and tourism, have also
been impacted by zebra mussels. For example, it has been estimated that in the New York
State Canal and the Hudson River systems, dreissenid mussels cost approximately $12.5
million per year and that for the Great Lakes Basin it was estimated dreissenid mussels
cost approximately $500 million per year to the same industries (Pimentel et al. 2005).

Besides economic impacts, zebra mussels affect aquatic systems where they have
become established. Zebra mussels have been found to decrease dissolved oxygen (Effler
et al. 1996; Caraco et al. 2000; Effler et al. 2004; Strayer, 2009), reduce phytoplankton
biomass (Holland, 1993; Effler et al. 1996; Caraco et al. 1997; Effler et al. 2004, Strayer,
2009), allow light to penetrate deeper in the water (Holland, 1993; Effler et al. 1996;
Caraco et al. 1997; Effler et al. 2004; Barbiero et al., 2006; Zhu et al., 2006; Strayer,
2009), increase soluble reactive phosphorous and total ammonia concentrations (Effler et

al. 1996; Caraco et al. 1997; Effler et al. 2004; Strayer 2009), lower pH of water systems



(Effler et al. 1996; Effler et al. 2004; Strayer 2009), decrease the alkalinity of water
systems via reduction in calcium concentrations (Barbiero et al., 2006; Strayer, 2009) and
can stimulate toxic cyanobacterial blooms (Knoll et al. 2008; Vanderploeg et al 2001;
Caraco et al. 2006; Raikow et al. 2004; Strayer, 2009). Zebra mussels have also been
shown to affect the flow of energy and nutrients from the pelagic to benthic areas (Gergs
et al., 2009; Miehls et al., 2009; Ozersky et al., 2012).

Zebra mussels are also known to affect the species assemblage of a lentic or a
lotic habitat. With increased light penetration due to zebra mussels removing
phytoplankton, macrophytes can colonize deeper waters than in systems without zebra
mussels (Zhu et al., 2006; Strayer, 2009). Following zebra mussel infestation, the
abundance of pelagic fishes decreases, while the abundance of littoral fishes increases
(Strayer et al., 2004; Strayer, 2009). Zebra mussels can also impact other
macroinvertebrates. Zebra mussel shells provided habitat for other benthic
macroinvertebrates (Stewart et al., 1998; Ward and Ricciardi, 2007; Strayer, 2009),
allowing their populations to increase. However, in areas lacking zebra mussels or zebra
mussel shells, macroinvertebrate populations are decreased (Nalepa et al., 1998; Lozano
et al., 2001; Strayer, 2009).

One family that has been significantly affected by zebra mussels has been the
Unionidae. Unionid mussels are one of the most diverse taxa worldwide and are also one
of the most endangered groups in North America (Williams et al. 1993). Two hundred
and thirteen species (71.7%) of North American unionid mussel are endangered,
threatened, or of special concern (Williams et al. 1993). The decline in unionid

populations has been attributed to the destruction of habitat, over-harvesting and the



presence of zebra mussels (Strayer et al. 2004). Zebra mussels colonize on the hard shell
of native unionid mussels using a byssal thread for attachment (Schloesser et al. 1996;
Vanderploeg et al., 2002). More than 20 zebra mussels can colonize on a single native
unionid mussel (Schloesser et al. 1996). Not only do zebra mussels colonize on native
unionids, but these colonies are thought to steal food resources from the native unionid
(Baker and Levinton, 2003; Hérmann and Maier, 2006; Schloesser et al. 1996). It has
been reported that glycogen concentrations in native mussels infested with zebra mussels
was less than in those from un-infested native mussels (Sousa et al., 2011; Haag et al.,
1993). Baker and Hornbach (2000) found that total carbohydrate and protein levels were
lower in Amblema plicata infested with zebra mussels than those not infested. It has been
hypothesized that these infested unionids were actually starving (Baker and Hornbach,
2000).

Zebra mussels are typically thought to be much more efficient filter feeders than
unionids (Vanderploeg et al., 1995; Luoma et al., unpublished data). Filter-feeding is
based upon physical occlusion of particles. Species-specificity is determined by how the
particles are filtered and particle size; however, both zebra mussels and native mussels
filter particles the same way and can filter particles as small as 1 um (Vanderploeg et al.,
1995, 2001, 2002).

Unionid mussels are not the only native filter-feeding organisms in freshwater
environments that compete with zebra mussels. Many orders of Hexapoda, such as
Trichoptera, depend on filter-feeding for nutrient uptake (Wallace and Merritt, 1980).
Most of the filter-feeding Trichoptera belong to Hydropsychoidea, and use their silk

glands to make net for filters (Wallace and Merritt, 1980). Net mesh size is dependent



upon species and upon larval instar stage, although some overlap of mesh size between
species is possible (Wallace and Merritt, 1980). It has been previously shown that zebra
mussels have a negative impact upon net-spinning caddisflies (Ricciardi et al., 1997,
Ward and Ricciardi, 2007). In the Upper Mississippi River region, Hydropsyche orris is a
net-spinning caddisfly which cohabitates with mussels, and is suspected of filtering and
consuming similar food sources as native unionids and zebra mussels.

Typically, three methods have been used to determine dietary overlap among
these invertebrates. The first, gut content analysis involves removing the contents of the
stomach or digestive system of the organism. These contents are then identified and
counted. Using this method, it has been shown that mussels consume many things
including phytoplankton, zooplankton, rotifers, and detritus (Vaughn et al., 2008).
However there are several limitations to using gut content analysis. First, the small size of
the food makes identification sometimes very difficult (Strayer et al., 2004). This method
also assumes the contents of the gut are completely digested and assimilated (Strayer et
al., 2004; Vaughn et al., 2008), which is not always the case.

A second and very powerful method is the use of stable isotopes. Stable isotope
analysis has indicated that native mussels digest and assimilate phytoplankton and algae
(Thorp et al. 1998; Herwig et al., 2007; Vaughn et al., 2008). Nichols and Garling (2000)
have reported that bacteria and other phytoplankton are also incorporated into the native
mussel’s diet. Since stable isotopes rely upon assimilation of dietary nitrogen and carbon,
analysis of stable isotopes is dependent on the metabolic rate, which can vary among
species, temperatures, and tissues (Bosley et al., 2002). For example in native mussels,

energy reserves are stored as glycogen in the foot ((Haag et al., 1993; Naimo et al., 1998;



Naimo and Monroe, 1999; Raikow and Hamilton, 2001; Newton et al., in press). When
studies have used whole mussels for stable isotope analysis to compare among species,
the relative contribution from the foot to the sample may differ and bias interpretation
(Naimo and Monroe, 1999).

The third and indirect method of assessing diet is analyzing the activity of
digestive enzymes. These enzymes are primarily used within the lumen secreted by cells
associated with the digestive system. In the presence of the specific substrate, digestive
enzymes will breakdown complex nutrients into their constituent parts, reducing their
size and complexity and allowing uptake by the organism. So far most invertebrates
appear to have similar digestive capabilities, but which enzymes an invertebrate is using
at a particular time is dependent upon diet (Lépez-Rodriguez et al., 2012). Comparisons
of the activities of digestive enzymes among species, may allow for an indirect inference
of what the animal is consuming at the time the animal was collected.

Besides providing information about what an animal may be consuming,
evaluating digestive enzymes can provide information about what an animal can digest.
This type of information is important in the development of diets and/or controls for
invertebrates. Currently, resource managers lack tools that can be used to control zebra
mussels without significantly affecting native filter-feeders. New controls are currently
being developed using micro-particle technologies, which require the presence of specific
digestive enzymes to release a control agent.

The primary focus of this research was to provide valuable information about the
digestive capabilities of zebra mussels compared with those of some commonly found

native filter-feeding invertebrates. Therefore analyzed the digestive enzymes of zebra



mussels, threeridge mussels (Amblema plicata), and a caddisfly (H. orris). Threeridge
mussels were chosen as a representative Unionidae since it frequently occurs in similar
locations with zebra mussels at sampling sites. Hydropsyche orris was chosen as a
representative non-mussel species because it frequently resides in areas similar to those
inhabited by zebra mussels. Very little is known about the digestive enzymes of
caddisflies. As a result, this study will be among the first to characterize digestive
enzymes of caddisflies, and to compare the digestive enzymes used by native and

invasive freshwater mussels.



GOAL AND OBJECTIVES
The goal of this study was to identify a digestive enzyme that is more active in
zebra mussels than in native filter-feeding invertebrates, and thus be incorporated into the

development of a novel tool to control zebra mussels

Specific objectives of this study are as follows:

Objective 1: Develop an assay to assess several digestive enzymes simultaneously from
mussel tissues.
This will be accomplished by using a commercially available colormetric kit that

is typically used in medicine to measure the activities of 19 digestive enzymes.

Hypothesis 1.1: If there is a color change in the visual spectrum in the presence of
a specific enzyme, then there will be greater absorbance at a specific wavelength

of light that can easily be measured using a spectrophotometer.

Hypothesis 1.2: If there is a brighter color observed when greater amounts of an
enzyme is present, then there should be a linear response in the absorbance of that

particular wavelength of light in the presence of greater amounts of that enzyme.

Objective 2: Determine if relative activities of digestive enzymes are consistent between

sampling times.



This will be accomplished using methods developed during objective 1. Activities
of digestive enzymes will be compared in zebra mussels and threeridge mussels
collected from the same site on the Mississippi River near Winona, Minnesota

during September and October of 2010.

Hypothesis 2.1: If an organism is feeding on the same substrates, then the activity

of those particular digestive enzymes will be similar between sample times.

Hypothesis 2.2: If zebra mussels are feeding on the same substrates as threeridge
mussels, then the activity of those particular digestive enzymes will be similar

between species.

Obijective 3: Compare spatial and temporal changes in relative activities of digestive

enzymes in zebra mussels, threeridge mussels and caddisflies.

This will be accomplished using methods developed during objective 1. Activities
of digestive enzymes will be compared among zebra mussels, threeridge mussels
and caddisflies that have been collected from three sites along the Upper

Mississippi River at 4 times between July and October of 2012.

Hypothesis 3.1: If an organism is feeding on the same substrates over time, then
the presence of and the activity of those digestive enzymes will be similar

between sample times.

Hypothesis 3.2: If an organism feeds on the same substrates regardless of its
location, then the activity of those particular digestive enzymes will be similar

among sample locations at a sampling time.



Hypothesis 3.3: If zebra mussels, threeridge mussels and caddisflies feed on the
same substrates, then the presence and activities of digestive enzymes will be

similar among species.

Objective 4: Compare activities of digestive enzymes that have been identified as more

active in zebra mussels than in threeridge mussels and caddisflies.

This will be accomplished using commercially available enzyme kits following
the manufacturers’ instructions, except all assays will be run at two temperatures

that are within the temperatures commonly observed in the Mississippi River.

Hypothesis 4.1: If the activity of an enzyme is associated with more enzyme being

present, then the quantity of the enzyme will be greater.

Hypothesis 4.2: If the activity of an enzyme is associated with greater efficiency,

then the rate at which the enzyme converts substrate to product will be greater.

Hypothesis 4.3: If temperature affects the activity of an enzyme, then the rate at

which the enzyme converts substrate to product will differ between temperatures.



CHAPTER |
api®ZYM KIT VALIDATION
Introduction

Since their introduction in the late 1980s, zebra mussels (Dreissena polymorpha,
Pallas 1769) have spread across the USA and have negatively impacted native unionid
populations (Strayer and Malcom, 2007). Zebra mussels have been reported to colonize
and, ultimately, smother many species of unionids (Schloesser et al. 1996), but they also
may compete with native mussels for food resources (Baker and Levinton 2003). This
dietary overlap can have significant impacts of the health, growth and fitness of native
mussels. Unfortunately understanding this overlap in diets remains incomplete.
Completing our understanding of the digestive physiology of native mussels and zebra
mussels will help in predicting the impacts of zebra mussels on native mussels and
potentially identifying unique ecological and physiological characteristics of zebra
mussels for the development of new targeted controls.

Many studies on dietary preferences in mussels have focused on gut-contents
(Yeager et al., 1994; Parker et al., 1998; Beck et al., 2003; Mandal et al., 2007;
Kamiyama, 2011). This analysis of gut contents does not differentiate between particles
that are ingested and passed and those ingested, digested, and assimilated in mussels.
This method provides information on the items consumed by the mussels, but not which
items are important for the functioning of the animal. Results from gut content analysis
do not provide conclusive evidence of dietary overlap. Some researchers have used stable

10



isotopes to overcome this problem. This method depends on the digestion of particular
items and the assimilation of nitrogen and carbon isotopes related to those items into
tissues. Still, researchers do not agree that there is dietary overlap. For example, Nichols
and Garling (2000) reported that unionid mussels primarily feed on bacteria according to
their isotopic signatures, while Baker and Levinton (2003) suggest they feed on algae.
These differences in isotopic signatures could be explained by replacement of isotopes
upon a shift in diet and nutrient turnover. This turnover occurs at variable rates depending
upon metabolism of the animal (Hawkins 1985, Bosley et al. 2002, Gamboa-Delgado and
Le Vay 2009). Therefore, stable isotopes provide insight into the feeding habits of
animals prior to capture, but not at the time they were captured.

An alternative method to assess digestion of foods in an animal is monitoring
digestive enzymes. These enzymes are dependent on the types and chemical composition
of the substrates present within the digestive tract (Deren et al., 1967; Rosensweig and
Herman, 1969; Nitsan et al., 1974; Kelly et al., 1991). Nutrient composition of
zooplankton has been found to be highly variable (Raymont et al. 1971, Jagadeesan et al.
2010) and in algae, the protein content ranged from 6% - 71%, and lipid content from 2%
- 22% (Becker 2007). It is generally thought that these differences in nutrient contents are
dependent upon species (Becker 2007). Therefore, if zebra mussels and native mussels
consume the same foods, presence and activity levels of digestive enzymes would be
expected to be similar. At date, most studies have focused on verifying the presence and
activities of only a few enzymes in bivalves (Kuz’mina 1999, Areekijseree et al. 2002,
Supannapong et al. 2008, Khrueanet et al. 2009, Palais et al. 2010, Golovanova 2011).

Analysis of a single digestive enzyme provides little information on the diet, but

11



analyzing several digestive enzymes at the same time, may allow inference about the diet
and feeding status of an animal at the time of capture.

The goal of this study was to develop an assay that can be used to assess several
digestive enzymes simultaneously from mussel tissues. Specific objectives of this study
include: 1) validate the use of a commercially available assay to measure digestive
enzymes, 2) identify digestive enzymes unique to each species, and 3) describe changes
in the activities of specific enzymes of a species between two sampling times. To our
knowledge, this is the first study to simultaneously measure a large number of digestive
enzymes that include phosphatases, proteases, lipases and glycolytic enzymes in multiple
species of freshwater mussels.

Materials and Methods
Any use of trade, product, or company name is for descriptive purposes only and does not
imply endorsement by the U.S. Government.
Animals and Collection

Ten threeridge, three plain pocketbook, and seven zebra mussels were captured by
wading August 9, 2010 and then 10 individuals of each species were captured by
snorkeling September 10, 2010 in Pool 6 of the Mississippi River, near Winona,
Minnesota. Water temperatures (°C) were obtained from each site on both sampling days.
Following capture, digestive glands were excised from each threeridge and plain
pocketbook. Individual digestive glands were immediately frozen with dry ice and stored
at -80°C until further processing. Whole zebra mussels were also immediately frozen in

the field and transported to the laboratory since magnification was required to extract
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their digestive glands. Upon thawing, zebra mussel digestive glands were removed and
processed identical to those from the threeridge and plain pocketbook.
pH and Processing

Immediately following thawing, pH of each digestive gland was determined with
an AB15 pH meter (Accumet®, Fisher Scientific, Fairhaven, NJ) and a Micro pH
electrode (Accumet®, Fisher Scientific, Fairhaven, NJ). Then each digestive gland was
thoroughly homogenized using a Microtube Pestle (USA Scientific, Inc., Ocala, FL).
Samples were then centrifuged at 23 x g for 20 minutes and supernatants retained for all
subsequent analyses. In all samples, de-ionized (DI) water was added to increase volumes
and dilute each to measurable concentrations of total protein. Total protein concentration
for each sample was quantified using a micro-BCA assay (Thermo Scientific, Rockford,
IL) according to the manufacturer’s instructions on a Biotek Synergy 2
spectrophotometer (Biotek, Winooski, VT). All samples were then diluted with DI water
to 1.0 pg protein pL™.
Enzyme Analysis

Nineteen digestive enzymes (Table 1) were assayed for each sample using
api®ZYM test kits (bioMérieux, Inc. Durham, NC) according to the manufacturer’s
instructions. August samples required 2.5 g total protein loaded into each well of the
strip to provide adequate color production, while September samples required 5.0 g total
protein to produce similar color change. Directly following the final step of the
api®ZYM assay, content of each well, including the blank, were transferred to a
corresponding well in a 96-well plate. Absorbance of each well was measured at 400,

450, 500, 500 and 650 nm with a Synergy 2 Multi-Mode Microplate Reader (BioTek®,

13



Winooski, VT). Apparent enzyme activity (AEA) was determined at each wavelength
using the following equation:

AEA, = (AbsXsample/Ptsample) - (ADSXplank/PtNplank)
where AEA is apparent activity of enzyme determined by absorbance at wavelength X,
AbsX is absorbance of the sample/well at wavelength X and Ptn is the amount of protein
loaded into the well.

The appropriate wavelengths used to analyze each enzyme were determined using
a standard curve and identifying the wavelength that produced a linear response curve.
The standard curve was comprised of supernatant of the homogenate of a single
threeridge digestive gland.

Validation of Enzyme Kit (Relative Quantification)

Each well of the api®ZY M strip was loaded with 12 pg, 9 pg, 6 ug, 3 ug, 1.5 ug,
or 0 ug total protein from a single digestive gland homogenate. Each strip was processed
as mentioned above and absorbencies measured at wavelength of 400, 450, 500, 550 and
600 nm. Standard curves were developed for each wavelength and those wavelengths that
provided the best fit model (R? > 0.90) were used for further analysis. These standards
curves were used to calculate arbitrary units from the absorbance of each mussel. Those
enzymes that did not provide an appropriate model were only considered to be present or

absent.
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Table 1. Enzymes assayed from the api®ZY M Kkit, their absorbance (nm), standard curve

trend line equations and the R? values.

E Well Absorbance measured
nzyme number (nm) Trendline equation ~ R?
Blank 1
. % y = 0.04533x -
Alkaline phosphatase 2 550 00135 0.973
Esterase 3
Esterase lipase 4
Lipase 5
; ; y =0.0441x -
Leucine arylamidase* 6 550 00124 0.950
Valine Arylamidase 7
Cystine Arylamidase 8
Trypsin 9
a-chymotrypsin 10
H * y= 0.0432x —
Acid phosphatase 11 550 0.0882 0.964
Naphthol-AS-BI- y =0.0137x +
phosphohydrolase* 12 600 0.0122 0.910
a-galactosidase 13
) ; y=0.0774x —
B-galactosidase* 14 550 0.1402 0.959
B-glucuronidase 15
a-glucosidase 16
B-glucosidase 17
i ek y =0.1008x —
N-acetyl-B-glucosaminidase 18 550 0.0087 0.980
Mannosidase 19
Fucosidase* 20 550 y =0.0907x — 0.103 0.993

*Enzymes able to be analyzed beyond a presence/absence basis.

Validation of Enzyme Kit (Absolute Quantification)

Using reagent-grade enzymes, we evaluated if enzyme activity determined with

the api®ZYM kit could be quantified. Due to availability, only alkaline phosphatase, acid

phosphatase, leucine arylamidase and N-acteyl-B-glucosaminidase (NAGase) were

analyzed. Each enzyme was serially diluted: alkaline phosphatase: 1, 2, 3 mU/well; acid

phosphatase: 0.25, 0.5, 0.75 mU/well; leucine arylamidase: 0.75, 1, 2 mU/well; NAGase:

3, 4, 5 mU/well. All enzymes were purchased from the same vendor (Sigma-Aldrich, St.

15



Louis, MO, USA). Absorbances at the targeted wavelengths were measured for the
contents of the well that corresponded to the targeted enzymes.
Analysis

Shell lengths (mm) of mussels are expressed as means (+ SD). A T-test was used
to determine if size and mass of mussels, within a species, differed between sampling
times. Enzyme concentrations were compared among species by ANOVA and Tukey’s
Post-Hoc test from samples only collected in September. T-tests were used to identify
temporal changes in enzyme concentrations by comparing August and September using
only data from threeridge and zebra mussels. Plain pocketbooks were excluded from this
temporal analysis due to limited captures. Enzymes that were not quantified are simply
expressed as present or absent. Digestive enzyme comparison statistical analyses were
performed using SYSTAT® 11.0 (Systat Software, Inc., San Jose, CA USA) with a
significance level of P < 0.02. This significance level was used due to limited sample
sizes and minimized potential of Type Il error. The statistical analyses for the api®ZYM
kit compared to the specific enzymatic kits were performed using R version 2.11.1 with a
significance level of p < 0.05.

Results

Body Size and pH

Within each species, no differences in shell lengths were observed between
sample times. The mean (SD) shell length for threeridge captured during August was
82.0 (14.0) mm and 75.1 (5.7) mm in September. Plain pocketbooks were 123.8 (6.5)
mm and 108.6 (5.9) mm when captured in August and September, respectively. In

August, zebra mussels were 20.4 = 2.0 mm and 20.8 £ 2.6 mm long in September.

16



Mean pH (SE) of digestive glands were generally considered circumneutral and
did not differ between months for each species. Digestive glands of threeridge mussels
had a pH of 6.80 (0.21) and zebra mussels had a pH of 6.93 (0.19), while plain
pocketbooks had a pH of 7.10 (0.29). Differences were found among the species. The pH
of digestive glands from zebra mussels did not differ from those in threeridge or plain
pocketbook (p = 0.20), but digestive gland pH was significantly lower in threeridge than
that of plain pocketbook (p = 0.01).

Validation of Enzyme Kit

Only seven enzymes were found to produce an upward-sloping linear trend in one
of the wavelengths measured in this study (Table 1). Six enzymes were quantifiable using
absorbance at 550 nm and naphthol-AS-BI-phosphohydrolase was quantified at 600 nm.
Enzymes that were semi-quantifiable were phospholytic (alkaline phosphatase, acid
phosphatase, naphthol-AS-Bl-phosphohydrolase), glyocolytic (B-galactosidase, N-acetyl-
B-glucosaminidase, fucosidase) or proteolytic (leucine arylamidase). No lipolytic
enzymes (lipase, esterase and esterase lipase) could be quantified. Twelve enzymes could
be classified as present or absent.

Validation of Enzyme Kit (Absolute Quantification)

Of the seven enzymes found to have a positive linear response, reagent grade
enzymes were used to generate a standard curve of the absorbance vs. enzyme
concentration. A comparison of the resulting api®ZY M _generated concentrations and the
concentrations generated via the specific enzyme Kits showed that of the four enzymes
tested, only one resulted in a linear correlation (NAGase, p < 0.05; Figure 1). These

results suggest that this kit should not be used to quantify enzymatic activity, but could be
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a valuable tool to compare relative activities among samples and be used as an initial
screening tool to identify specific enzymes for further analysis.
Digestive Enzyme Activity (Species Comparison)

Threeridge had a greater quantity of alkaline phosphatase (Figure 2) than plain
pocketbook, 0.826 (0.129) units / pg total protein and 0.334 (0.075) units / pg total
protein (p = 0.02), respectively. No differences were determined in alkaline phosphatase
(Figure 2) quantity between zebra mussels and threeridge or plain pocketbook. In zebra
mussels, 0.623 (0.046) units / pg total protein of leucine arylamidase (Figure 4) was
greater than that in either threeridge or plain pocketbook (p < 0.01). Also, acid
phosphatase (Figure 2) concentrations in zebra mussels (1.525 [0.125] units / pg total
protein) were greater than that determined in threeridge (0.960 [0.091] units / pg total
protein) or plain pocketbook (0.769 [0.050] units / ug total protein; p < 0.01). All other
semi-quantifiable enzymes (Figures 2, 3, and 4) were determined to be similar among
species. Those enzymes classified as absent or present were all identified in zebra
mussels, threeridge and plain pocketbook.

Digestive Enzyme Activity (Monthly Comparison)

Water temperatures decreased from 28.6°C in August to 19.4°C in September.
Concentrations of phospholytic enzymes were less in threeridge captured in September
than those captured in August, but no differences were determined for these enzymes in
zebra mussels (Figure 2). Concentrations of naphthol-AS-BI-phosphohydrolase in
threeridge decreased from 12.990 (2.170) units / g total protein in August to 0.934
(0.621) units / ug total protein in September (p < 0.01). Acid phosphatase decreased from

3.820 (0.659) to 0.960 (0.289) units / ug total protein and alkaline phosphatase decreased
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from 2.937 (1.254) to 0.825 (0.407) units / pg total protein from August to September,
respectively (p <0.01). The glycolytic enzyme N-acetyl-f-glucosaminidase (Figure 3)
did not change in concentration between August and September in either threeridge or
zebra mussels (p = 0.04). Both fucosidase and -galactosidase (Figure 3) decreased in
concentrations from August to September in threeridge and zebra mussels (p < 0.01). The
concentration of leucine arylamidase (Figure 4) was similar in threeridge captured in
August and those captured in September (p = 0.07). Leucine arylamidase increased from
0.206 (0.097) to 0.623 (0.144) units / pgtotal protein from zebra mussels captured in

August and September (p < 0.01).
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Figure 1. Concentration correlation between the api®ZYM kit and the NAGase Kit.
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Figure 4. Comparison of arbitrary concentrations of leucine arylamidase analyzed over
the sampling points for threeridge, plain pocketbook, and zebra mussels. Letters above
error bars represent statistical significance (P<0.02) only when compared between

species over an individual month.

Table 2. Percent change in enzyme concentration between September and August

collections.
Enzyme Threeridge A (P) Plain pocketbook A (P) Zebra mussel A (P)

Alkaline phosphatase -71.9 (<0.001) -91.0 (<0.001) -8.7 (0.818)
Leucine arylamidase 41.6 (0.286) -0.65 (0.984) 203 (<0.001)

Acid phosphatase -74.9 (<0.001) -82.1 (<0.001) -17.1 (0.216)
Naphthol-AS-Bl-phosphohydrolase  -92.8 (<0.001) -92.9 (<0.001) 11.5(0.788)
B-galactosidase -71.4 (<0.001) -73.3 (<0.001) -35.5(<0.001)
N-acetyl-B-glucosaminidase -32.2 (0.029) -74.1 (<0.001) -14.1 (0.426)
Fucosidase -70.9 (<0.001) -71.8 (<0.001) -39.9 (<0.001)
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Discussion

The study of digestive enzymes provides great insight into the diet and physiology
of an animal. A commercially available enzyme test kit (i.e. api®ZYM enzyme test Kit)
was found to be a useful tool in the determination of the presence of 19 digestive
enzymes. Our study was the first to describe the presence of these 19 digestive enzymes
in zebra mussels, threeridge, and plain pocketbook, but only 7 enzymes produced a high
correlation with the amount of digestive enzyme and thus could be relatively quantified.
These 7 enzymes can be useful to compare relative activity of the enzyme studies where
quantification is not necessary. The remaining 12 enzymes can be used for
absence/presence detection.

Despite that the colorimetric method used to analyze enzymes had a positive
correlation with amount of enzymes present, the api®ZY M kit cannot determine an
absolute amount of enzyme present for all of the enzymes tested. Only NAGase had a
linear relationship, albeit weak, when analyzed with both the digestive gland homogenate
and the reagent grade enzyme. Other enzymes had linear responses with the reagent-
grade enzymes; however, the assay was saturated at very low amounts of the enzyme.
Our results suggest that this kit should not be used to quantify enzymatic activity, but
could be a valuable tool to compare relative activities among samples and identify trends.

Even though all of the enzymes analyzed were present in each of the species, the
activities of analyzed enzymes in native unionids appeared to be greater than those in
zebra mussels during August. This may suggest that native mussels could be feeding
upon a different food source than zebra mussels at this time. As mentioned earlier,

previous studies using gut contents and stable isotopes have suggested these organisms
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are feeding upon similar food sources. However, these methods are limited in
determining the actual food source, and stable isotope methods are limited in
fractionating bacteria, picoalgae, and fungi from each other. Studies utilizing stable
isotopes may have determined the trophic level of both invasive and native mussels,
however, they could be utilizing two different food sources that occupy a similar niche,
but have very different compositions (% protein and % lipid). If food sources have
different compositions, one would expect the consumers to have differing compositions.
A comparative study conducted on Atlantic salmon (Salmo salar) showed that body
composition changes slightly between fish living in river and lake habitats (Dempson et
al., 2004).

The activity of digestive enzymes in threeridge and pocketbook mussels
decreased between August and September (Table 2). During this time, water
temperatures also decreased from 28.6°C to 19.4°C. Ribbed mussels Geukensia demissa
have been reported to diet shifts between summer/fall and winter/spring (Kreeger and
Newell 2001). Other species of ectothermal animal have been shown to have seasonal
differences in digestive enzymes (Aragon-Axomulco et al., 2012; Sanchez-Muros et al.,
2013). Also, threeridge and pocketbooks could be responding to changes in temperature,
seston concentration, and flow and altering the amount of digestive enzymes present so
that the animal can meet its energetic needs (Newell and Langdon, 1996). In ectothermal
animals, energetic needs are directly dependent upon temperature; the lower the
temperature the lower the energy needed for maintenance. This suggests that there may

be seasonal differences in enzymatic activity among freshwater mussels.
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Of the 19 enzymes, only leucine arylamidase did not change between months in
native mussels, but did change in zebra mussels. Leucine arylamidase has been linked
with nitrogen excretion in blue mussel Mytilus edulis. Blue mussels with the Lap** allele
had excreted more nitrogen than blue mussels lacking the Lap® allele (Hilbish and
Koehn 1985). It has been shown that zebra mussels are highly metabolically active in fall
(Sprung, 1995), which is different when compared to native mussels, which are more
metabolically active in spring (Baker and Hornbach, 2001). This difference in metabolic
activity may account for increase in enzyme activity in zebra mussels and the decrease in
enzyme activity in native mussels.

The increased enzyme activity in zebra mussels, however, should be interpreted
with caution. Zebra mussels were dissected differently than native mussels, and as a
result the concentration of enzymes used in the analysis could be lower in zebra mussels
due to dilution by other cellular components and tissues. The majority of enzymes
analyzed by the api®ZYM enzyme test kit are primarily located in tissues associated with
digestive function (BRENDA enzyme portal; accessed 7/31/13; www.brenda-
enzymes.org). If all mussels were dissected using the same method, the concentration of
the enzymes should increase in zebra mussel samples, which may cause even greater
differences between mussel species.

In conclusion, we found the api®ZYM enzyme test kit to be a valuable tool in
determining trends and comparing relative digestive enzyme activities among species.
For absolute enzyme quantification, a specific enzymatic kit must be used. Our results
suggest that zebra mussels and native mussels may feed on different food sources even if

they occupy similar trophic positions. Our results also suggest that there are seasonal
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differences in enzyme activity in mussels. These results are important information for the
growing knowledge pool about mussel digestive physiology, and require further

validation through more stringent methods.
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CHAPTER Il
DIGESTIVE PHYSIOLOGY COMPARISONS
Introduction

Studies on digestive enzymes in mussels have focused on select enzymes
(amylase, protease, and lipase, Khrueanet et al, 2009; amylase and proteinase,
Supannapong et al, 2008; cellulose and lipase, Areekijseree et al, 2002; amylase and
proteinase, Areekijseree et al, 2004; amylase and cellulose, Palais et al, 2010). These
enzymes were primarily investigated as a means to understand mussel digestive
physiology for culture purposes. Because these studies did not focus on the ecology of
these organisms, this information is of little use to infer the true diet of a mussel. An
increase in the number of enzymes being investigated at one time may allow for greater
inference and comparison into what these animals are feeding upon and how they digest
those food sources.

Two important factors are known to influence food sources: season and location.
Food sources for many animals change seasonally (Kreeger and Newell 2001; Taylor and
Batzer, 2010; Bergamino et al., 2011; Kamiyama 2011), and as a result, the enzymes the
animals use change seasonally (Aragon-Axomulco et al., 2012; Sanchez-Muros et al.,
2013). One portion of the River Continuum Concept is that food resources shift as the
river progresses downstream (Vannote et al., 1980; Rosi-Marshall and Wallace, 2002;
Woodward and Hildrew, 2002). Many studies have shown that food resources of

consumers change with location (Zerba and Collins, 1992; Rosi-Marshall and Wallace,
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2002; Kanaya et al., 2008; Taylor and Batzer, 2010; Bergamino et al., 2011), and because
of this, digestive enzymes also can change with changes in location (Buchholz and
Saborowski, 1996). The fluctuation of these enzymes in native and invasive
macroinvertebrates may be important ecologically, and as such requires further study.

Therefore, the goal of this study was to identify a digestive enzyme that is more
active in zebra mussels than in both threeridge mussels and caddisflies. The caddisfly
species, Hydropsyche orris, was used as an out-group to represent filter-feeding insects.
The specific objective of this study was to identify both spatial and temporal changes in
digestive enzyme profiles of these invertebrates. To do this we used the api®ZYM kit
and relative quantification (Chapter 1) for comparisons among the three species, three
sites and five months.

Materials and Methods

Site Location

To study spatial and temporal differences in digestive enzyme profiles, we
analyzed zebra mussels, threeridge mussels and caddisflies at two sites, Winona, MN and
Wyalusing, WI, along the Mississippi River (Figure 5). Due to the lack of zebra mussels,
only threeridge mussels and caddisflies were collected at the third site, Hastings, MN
(Figure 5). Animals were collected monthly from each site between July and October
(Table 3). Animals were not collected in July at Wyalusing due to high water, but were
collected at all other times. Hastings, MN (Pool 3) was chosen because this area was
previously heavily infested with zebra mussels. All sites were chosen because they were

approximately 100 river miles apart (Table 3).
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Table 3. Site location and collection dates.

Site Coordinates Ri\_/er Collection Collection Collection Collection
Mile Date 1 Date 2 Date 3 Date 4

Hastings, MN f‘;‘gg’;ﬁfgé 814.5 717/2012  8/14/12 9/20/12 10/16/12
Winona, MN 40028 7263 7/18/2012  8/15/12 0/21/12 10117/12
Wyalusing, 42949622, ¢, o NC 8/13/12 0/18/12 10/15/12

Wi -91.143737

NC=Not collected for this month.
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Figure 5. Map depicting study site locations. Study sites are denoted by black crosses.

Animal Collection and Identification

Mussels were collected by hand or with D-nets while wading. All mussels were
immediately placed on dry ice and transported to the Upper Midwest Environmental
Sciences Center in La Crosse, WI. There, animals were stored at -80°C until processed
further. Upon processing, mussels were thawed at room temperature and lengths of shells

were measured with a micrometer (Tables 4&5). All tissues were then removed from the
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shell for each individual. Tissue samples from threeridge mussels were individually
transplanted into 50 mL conical vial, while tissues from zebra mussels were place into 15
mL conical vials. All samples were then re-frozen and stored at -80°C until processed

further.

Table 4. Average shell lengths of Amblema plicata analyzed for digestive enzymes.

Values are represented in millimeters (xSD). Number in parenthesis is sample size.

Site July August September October
Hastings, MN 75.0748.31 (7) 82.22+7.06 (10) 82.25+8.38 (10) 60.61+3.96 (10)
Winona, MN 79.10+13.19 (10) 69.66+7.78 (10) 80.78+7.10 (10) 73.50+10.73 (10)
Wyalusing, WI NC 74.7246.52 (10) 82.82+3.21 (10) 84.00+5.38 (10)

NC=Not collected for this month.

Table 5. Average shell lengths of Dreissena polymorpha analyzed for digestive enzymes.

Values are represented in millimeters (SD). Number in parenthesis is sample size.

Site July August September October
Hastings, MN 10.83+3.84 (3) 16.95+1.16 (10) NC NC
Winona, MN 19.40+0.77 (10) 18.43+1.85 (10) 16.73+1.64 (10) 15.74+2.79 (10)

Wyalusing, WI NC 10.41+0.57 (10) 13.72+1.03 (10) 13.67+0.97 (10)

NC=Not collected for this month.

Caddisfly larvae were collected using Hester-Dendy samplers (HD; Figure 6;
Wildco, Yulee, FL, USA). Hester-Dendy samplers were placed near mussel collection
areas, in water at an adequate depth to allow for proper flow alignment, anchored with

cinderblocks, and marked with buoys.
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Figure 6. Hester-Dendy sampler set up used to collect caddisfly larvae.

HDs were placed at least 4 weeks prior to capture of invertebrates. At each
sampling time, the HD sampler was removed from the water and caddisfly larvae were
captured from the plates and immediately placed in a Ziploc® bag filled with river water.
The bags were then placed in a cooler with dry ice to keep cool. All bags were
transported to the University of Wisconsin-La Crosse, La Crosse, WI for sorting. During
sorting, caddisfly larvae were kept at 4°C. Caddisfly larvae were identified based on
morphological characteristics (Wiggins, 1996). Only Hydropsyche orris was used for
subsequent analysis. Larvae were then photographed. The dry weight of each larva was
estimated from the photos using a body area to dry weight regression model (Haro,
unpublished; Table 6). Images were analyzed with Image-Pro® Plus 5.1.1.38 (Media

Cybernetics Inc., Rockville, MD, USA). The mass of the caddisfly larve was determined
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with the equation: Massmg = 1.563(Log(body areamm))-1.542. Due to the small sizes of the
caddisflies, 2 and 4 larvae, dependent upon size, were pooled for each sample for

enzymatic analysis.

Table 6. Hydropsyche orris dry weight determined by area. Averaged values are in

milligrams (xSD). Number in parenthesis is sample size.

Site July August September October
Hastings, MN 2.390+0.690 (16) 3.936+1.880 (16) 4.059+1.361 (20) 4.222+0.914 (51)
Winona, MN 2.500+0.778 (16) 4.846+1.472 (16) 3.546+1.942 (19) 4.116+0.918 (60)

Wyalusing, WI NC 2.528+0.792 (16) 5.818+0.933 (20) 5.062+1.154 (55)

NC=Not collected for this month.

Homogenization of Samples

Each sample was homogenized using a Geno/Grinder® (SPEX Sample Prep,
Metuchen, NJ) and steel shot. Prior to homogenization, small amounts of deionized (DI)
water were added to each sample to prevent drying and minimize the sticking of tissue to
the tube walls during homogenization. The amount of water was dependent on the
amount of tissue: two milliliters for zebra mussels, one milliliter for caddisfly larvae and
no water was added to threeridge. Following homogenization, each sample was
centrifuged at more than 6,800 x g for 20 minutes. Threeridge mussel supernatants were
then diluted with an equal volume of DI water. Diluted supernatant was then used for
further analysis. Amount of tissue used was not weighed.
Protein Concentration

Total protein concentration of each homogenate/water mixture was determined
according to manufacturer’s instructions using a Micro BCA™ Protein Assay Kit

(Thermo Scientific, Rockford, IL). All samples were diluted to a concentration of 0.0385
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g total protein per pL homogenate. These diluted homogenates were used in all
subsequent analysis.
api®ZYM Kit

Each well of the api®ZY M strip was loaded with 2.5 g total protein. One strip
was used for each sample. All api®ZY M strips were processed as according to
manufacturer’s instructions. Contents from each well of the api®ZY M strips were loaded
into separate wells of a 384 well plate. The absorbencies at wavelengths in 50 nm
increments between 400 and 600 were measured on a Multiskan Spectrum plate reader
(Thermo Scientific, Rockford, IL). Using the appropriate wavelength, determined in
Chapter 1, the apparent enzyme activity was determined using the following equation:
AEA, = (AbsXsample/PTNsample) = (AbSXplank/PTNpiank) Where AEA, is apparent activity of
enzyme determined by absorbance at wavelength X, AbsX is absorbance of the
sample/well at wavelength X and PTN is the amount of protein loaded into the well.

To determine presence/absence of enzymes in the wells that could not have
apparent enzyme activity determined, a threshold of 0.010 absorbance units was used for
enzymes at the same wavelength as the enzymes that could be analyzed for apparent
enzyme activity that produced a similar colored product. Averaged values of enzyme
absorbance units were compared to the threshold value. Eleven enzymes (esterase (C4),
esterase lipase (C8), lipase (C14), valine arylamidase, cystine arylamidase, trypsin, a-
chymotrypsin, a-galactosidase, a-glucosidase, B-glucosidase, and a-mannosidase) were

analyzed at 550 nm; only B-glucuronidase was analyzed at 600 nm.
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Water Quality

At each sampling time, water quality data was taken to determine if water quality
parameters change over time and may play a role in the expression of digestive enzymes
of mussels and caddisflies. Dissolved oxygen (DO) and temperature (°C) were measured
with a Handheld Dissolved Oxygen Meter (model 550A-12; Y'SI, Yellow Springs, Ohio,
USA). pH was measured with a model $410 pH meter (Beckman Coulter, Brea, CA,
USA). Conductivity (uS/cm) was measured, from a half-liter of river water kept cool,
with a Portable Waterproof Conductivity Meter, model AP75, (Accumet, Thermo Fisher
Scientific Inc., Pittsburg, PA, USA). Total dissolved solid (ppm) amounts were calculated
by multiplying conductivity measurements by 0.67 (www.stevenswater.com; accessed
03/27/2012).

Chlorophyll a was measured by filtration of river water (1/2 L kept cool until
filtration) through a glass fiber filter (934-AH, Whatman, Piscataway, NJ, USA).
Analysis was conducted as according to US EPA Method 150.1 except for the following
modification. Absorbance of uncorrected chlorophyll a was measured in 96-well plate
format by measuring the absorbance of 300 pL of extract with a Multiskan Spectrum
plate reader (Thermo Scientific, Rockford, IL).

Data Analysis

Apparent enzyme activity data were analyzed using nonparametric
multidimensional scaling (NMDS). Each variable was standardized by the maximum
before constructing a Bray-Curtis similarity matrix. Analysis of similarity (ANOSIM; p <
0.05), was conducted to determine if species, location, time, or their various interactions

were significant predictors of multivariate enzyme activity. Similarity percentages
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(SIMPER) were also used to determine which enzymes contributed the most similarity
within groupings, and which contributed to the most dissimilarity between groups.
ANOSIM and SIMPER were conducted using PRIMER version 6.1.6.
Results

Water Quality Parameters

No major anomalies in seasonal averages were detected for any water quality
parameters. Water temperatures decreased from 29°C to 10°C over the course of the
study (Table 7). Dissolved oxygen concentrations increased with decreasing temperature.
pH, conductivity, total dissolved solids, and uncorrected chlorophyll a values remained
stable throughout the course of the study. Discharge rates decreased as time progressed
during a drought period.
Enzyme Presence/Absence

Esterase (C4), esterase lipase (C8), lipase (C14), and valine arylamidase were
detected in all samples analyzed. Cystine arylamidase was detected in all but four
samples (Table 8). B-glucuronidase was detected in all but one of threeridge mussel
samples and in all zebra mussel samples from Hastings, MN; however it was not detected
in any H. orris samples. Trypsin was detected in only three samples for each mussel
species; it was not detected in any H. orris samples. a-galactosidase, a-chymotrypsin, and
B-glucosidase were detected in only one zebra mussel sample. a-glucosidase was present
in all H. orris samples and only one threeridge mussel sample. a-mannosidase was

present in most mussel samples, but it was only present in only one H. orris sample.
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Table 7. Water quality parameters analyzed at sampling times at the three study sites.

Site Month Dissolved Oxygen Temperature oH Conductivity Total Dissolved Discharge Uncorrected
(mg/L; % saturation) (°C) (uS/cm) Solids (ppm) (cfs)* chlorophyll a (ug/L)

July 7.63 (95%) 29.2 7.77 304 203.68 26450 77.65+1.07

Hastings, MN August 7.87 (92.2%) 23.8 8.23 422 282.74 18050 59.95+2.30

' September 8.02 (82.7%) 16.8 8.38 670 448.9 18300 87.1746.78

October 9.67 (87.2%) 10.6 8.39 552 369.84 17650 93.77+0.65

July 7.51 (98.3%) 29.6 8.23 374 250.58 33950 39.3740.65

Winona. MN August 7.62 (89.4%) 24.2 8.29 303 203.01 17050 47.59+1.93

' September 9.09 (93.7%) 17.1 8.63 323 216.41 11440 74.59+9.86

October 11.98 (105%) 10.3 8.78 310 207.7 13300 46.99+1.16

Wyalusing August 7.62 (89.6%) 23.1 8.56 335 224.45 20300 72.47+12.35

MN ' September 9.22 (97.5) 18.4 8.97 301 201.67 13600 73.63£1.71

October 13.78 (122%) 10.3 8.78 259 173.53 18500 61.35+1.57

*Discharge data from USGS Water Resources (waterdata.usgs.gov; accessed 11/6/2012)
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Table 8. Enzymes detected on a presence/absence basis with the api®ZY M kit using and averaged 0.01 absorbance unit threshold to

detect for presence/absence (n = 10).

Species Enzyme* Hastings, MN Winona, MN Wyalusing, WI

July  August September October July August September October August September October

CYS - + + + + + + + + + +
TRY - - - - - - - - - + +
CHY - - - - - - - - - - -
GAL - - - - -
GLR +
A-GLU - - - - -
B-GLU -
MAN -

Threeridge mussel

+
+
+
'

+ +
+
+
+
+
+

+|+

+|+

+|+
1
+

CYsS -
TRY - - - - - -
CHY - - - - - -
GAL - - - - - -
GLR + + + + - -
A-GLU - - - - - -
B-GLU -

+ + o+ [+
1
1

Zebra mussel

+|+
+|+ +
+|+
+|+
+|+
+|+

MAN - + + +
CvYS + + +
TRY - - - - - - - - - - -
CHY - - - - - - - - - - -
GAL - - - - - - - - - - -
GLR - - - - - - - - - - -
A-GLU + + + + + + + + + + +
B-GLU - - - - - - - - - - -
MAN

Hydropsyche orris

1
+

1

1

[

[

1

[

1

* Enzyme names are as follows. CYS: cystine arylamidase. TRY: trypsin. CHY: a-chymotrypsin. GAL: a-galactosidase. GLR: B-glucuronidase. A-GLU: a-
glucosidase. B-GLU: B-glucosidase. MAN: a-mannosidase
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api®ZYM Kit Evaluation of Field Samples

Neither location (p = 0.907) nor time (p = 0.986) affected activities of the
digestive enzymes. The activities of the digestive enzymes within a species were similar
to those of the same species from different locations and sampling times (threeridge
mussel: 79.5%; zebra mussel: 70.4%; H. orris: 80%; Table 9). The similarities among
threeridge mussel (79.5%) were primarily due to acid phosphatase, leucine arylamidase,
and naphthol-AS-BI-phosphohydrolase (Table 9). The similarities among zebra mussel
(70.4%) were due to the activities of naphthol-AS-BI-phosphohydrolase, acid
phosphatase, and leucine arylamidase; and naphthol-AS-BI-phosphohydrolase, alkaline
phosphatase, and leucine arylamidase were important for Hydropsyche orris (80.0%;
Table 9).

Activities of enzymes differed among species (p = 0.001). Approximately 70% of
the differences between groups was due to naphthol-AS-BI-phosphohydrolase, acid
phosphatase, and alkaline phosphatase (Table 10). The dissimilarity in naphthol-AS-BI-
phosphohydrolase activity explained an average of 28.44% between native species and
zebra mussels; this enzyme only accounted for 21.93% of the dissimilarity between
native species (Table 10). Acid phosphatase activity dissimilarities were able to account
for an average of 24.14% between mussel species and H. orris; this enzyme accounted
for only 20.07% of the dissimilarity between mussel species. Alkaline phosphatase
activity was dissimilar between all groups with an average dissimilarity of 20.82% (Table
10). Between threeridge mussel and H. orris, B-galactosidase accounted for 10.33% of

the dissimilarity between these two groups (Table 10).
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Table 9. Species average similarity and similarity percentages within a species based upon SIMPER analysis of api®ZYM enzyme
activity: acid phosphatase: ACP; alkaline phosphatase: ALP; leucine arylamidase: LAP; naphthol-AS-Bl-phosphohydrolase: NAP; B-
galactosidase: BGAL; NAGase: NAG; fucosidase: FUC. Species compared in the analysis were threeridge mussel (TR), zebra mussel

(ZM), and Hydropsyche orris (HO).

Threeridge mussel Zebra mussel Hydropsyche orris
Enzyme Average Average Contributing Average Average Contributing Average Average Contributing
Activity Similarity % Activity Similarity % Activity Similarity %

NAP 3.01 12.12 15.23 6.05 18.68 26.52 5.41 27.67 34.60
ACP 4.88 21.92 27.54 4.73 16.01 22.73 1.84 10.27 12.85
ALP 2.34 10.09 12.67 4.08 11.48 16.29 4.68 21.12 26.41
LAP 3.00 14.08 17.69 3.15 11.63 16.52 2.68 13.70 17.13

BGAL 1.99 9.25 11.62 1.43 5.18 7.36 0.69 4.20 5.26
FUC 1.29 6.22 7.82 1.38 4.68 6.64 0.26 1.30 1.62
NAG 1.28 5.92 7.43 0.80 2.77 3.93 0.35 1.71 2.14
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Table 10. Species average dissimilarity and dissimilarity percentages between species based upon SIMPER analysis of api®ZYM
enzyme activity: acid phosphatase: ACP; alkaline phosphatase: ALP; leucine arylamidase: LAP; naphthol-AS-BIl-phosphohydrolase:
NAP; p-galactosidase: BGAL; NAGase: NAG; fucosidase: FUC. Species compared in the analysis were threeridge mussel (TR), zebra

mussel (ZM), and Hydropsyche orris (HO).

TR:ZM TR:HO ZM: HO
TR:ZM TR:HO ZM:HO
Enzyme Average PP Average PRGN Average PRGN
Dissimilarity Contributing % Dissimilarity Contributing % Dissimilarity Contributing %
NAP 8.85 31.61 8.07 21.93 8.17 25.27
ACP 5.62 20.07 8.97 24.36 7.73 23.92
ALP 5.59 19.99 7.24 19.66 7.37 22.80
LAP 2.76 9.85 2.93 7.96 2.99 9.25
BGAL 2.14 7.65 3.80 10.33 1.92 5.96
NAG 1.59 5.68 2.76 7.50 1.30 4.02
FUC 1.44 5.14 3.04 8.25 2.84 8.78
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Discussion

This study was designed to determine temporal and spatial effects on the activities
of seven digestive enzymes in threeridge mussels, zebra mussels and caddisfly. An
ANOSIM analysis was able to show that season and location did not have an effect on the
digestive enzymes of the three species of aquatic invertebrates in this study, the only
factor that played a part in digestive enzymes was taxonomic. One study has shown that
digestive enzymes shift with location (Buchholz and Saborowski, 1996), however this
study was conducted in the waters off of the Antarctic Peninsula, and does not represent a
river system. The sites chosen in this study are all approximately 100 river miles
equidistant. The Mississippi River along this stretch is 7 or 8 on the Strahler stream order
scale, and because the stream order does not change, this may explain some of the lack of
change in the digestive enzyme activities spatially. It may be important to test enzyme
activities over a larger spatial scale to determine if the River Continuum Concept can
help to explain potential differences. All three species tested here are located over a broad
range in the United States, and may be able to be used to test these enzymes over a larger
spatial scale.

Because species, rather than environmental influences of season or location, was
the sole factor influencing enzyme composition, there are two possible explanations for
this phenomenon: the animals are feeding upon different resources or there are
differences in the regulation of the production of the enzymes. The regulation of these
enzymes may be different among these species, with one species producing high amounts

of a low activity enzyme and another species producing low amounts of a high activity
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enzyme or any such combination. The influence of enzyme regulation differences may be
further supported by considering the taxonomic similarities and differences between
groups of mussels versus caddisflies. The similarity of digestive enzyme composition
between threeridge mussel and zebra mussel corresponded to their taxonomic
convergence (Thorp and Covich, 2010), while differences noted between mussels and
caddisflies corresponded to their taxonomic divergence (Thorp and Covich, 2010).
Besides digestive enzymes, the efficiency of nutrient assimilation differs between the
groups. Assimilation efficiency may be dependent on the level of enzyme activity in the
digestive tract of an animal, and may also play some part in distinguishing the digestive
physiology of these animals. Assimilation efficiency in zebra mussels has been found to
range from 37 to 54% (Wong et al., 2003); two other species of mussel have assimilation
efficiencies that range from 37 to 73% (Wong et al., 2003a). Hydropsyche occidentalis
(Banks) was found to have an assimilation efficiency of 50% (McCullough et al., 1979;
Pandian and Marian, 1986). It does appear that mussels have the capacity to assimilate
more nutrients than other invertebrates. Comparisons between the values should be made
with caution due to the influence of food type, temperature, and larval stage on
assimilation efficiency.

The enzymatic differences found in our study may allow some inference of what
an animal is feeding upon or its metabolic needs. For example, threeridge mussels have
higher activities of acid phosphatase, 3-galactosidase, leucine arylamidase, NAGase, and
fucosidase. From this, one may inferred that these threeridge mussels are feeding on food
sources high in phosphates, galactosides, proteins, N-acteylglucosamines, and fucose.

These dietary components are high in planktonic crustaceans and algae (Ventura 2006;
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Wen et al., 2006; Garcia-Rios et al., 2012). N-acteylglucosamines make up the core
structure of chitin (Kurita 2006), and fucose is an important molecule in fucoidans, which
are important structural polysaccharides in algae (Kloareg and Quatrano, 1988; Garcia-
Rios et al., 2012). A diet made up of planktonic algae and crustaceans is in concurrence
with what is known about native mussel diets (Strayer et al., 2004; Vaughn et al., 2008).

Activities of enzymes in zebra mussels were similar to those of threeridge
mussels, except that activities of acid phosphatase and naphthol-AS-BI-
phosphohydrolase were greater in zebra mussels. This suggests that zebra mussels are
also feeding on similar resources as native mussels, which has been previously shown
(Mitchell et al., 1996; Parker et al., 1998; Baker and Levinton, 2003). Feeding upon
similar resources is inherently linked to competition for food between zebra mussels and
native species, which has been shown previously (Baker and Levinton, 2003; Garton et
al., 2005).

H. orris had greater activity of two phosphatases, alkaline phosphatase and
naphthol-AS-Bl-phosphohydrolase, and one protease, leucine arylamidase. Interestingly,
it has been reported that caddisflies are phosphorous limited (Evans-White et al., 2005).
This would suggest that greater activities of these two phosphatases would allow the
caddisflies to compensate for living in an environment that is limited in phosphorus, like
most freshwater systems. The activity of leucine arylamidase may be important for the
digestive physiology of Hydropsychid caddisflies because it has been shown previously
that up to 64% of production in Hydropsyche rossi was due to animal material and are

facultative carnivores (Benke and Wallace, 1997). This enzyme would be crucial for
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digestion if this high of an amount of animal/protein material is consumed in
Hydropsyche orris.

The presence/absence analysis of the other twelve enzymes from the api®ZYM
kit further adds to the growing data pool of mussel and caddisfly digestive enzymes.
Because 4 enzymes (esterase (C4), esterase lipase (C8), lipase (C14), and valine
arylamidase) were detected in all samples tested, it can be said that these enzymes are
important for the digestive process in these animals. It has been shown previously that
zooplankton have a lipid content that can range from 11-20% (Jagadeesan et al., 2010),
and algae lipid content can range from 2% - 22% (Becker 2007). If nearly a fifth of the
composition of a mussels food sources are comprised of lipids, enzymes that break down
these molecules become extremely important in the digestive process.

Many of the other enzymes that were only analyzed on a presence/absence basis
did not show changes on a temporal or a spatial basis. However, this lack of apparent
change could be due to the lack of ability to analyze the enzyme data further. If these
enzymes were able to be analyzed further it may provide a clearer understanding of how

mussels and caddisflies digest their food sources and what those food sources might be.
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CHAPTER Il
ENZYME ACTIVITES
Introduction

Aquatic invasive species pose a significant threat to native organisms and
ecosystems, especially ones that are already critically endangered or threatened due to
man’s influence. Zebra mussels are of special concern not only because of their effects on
native ecosystems (Holland, 1993; Effler et al. 1996; Caraco et al. 1997; Effler et al.
2004; Vanderploeg et al 2001; Raikow et al. 2004; Barbiero et al., 2006; Caraco et al.
2006; Zhu et al., 2006; Knoll et al. 2008; Strayer, 2009) and native organisms (Nalepa et
al., 1998; Stewart et al., 1998; Lozano et al., 2001; Strayer et al., 2004; Ward and
Ricciardi, 2007; Strayer, 2009), but also because they exert an influence on human health
and economics (Pimentel et al. 2005; Connelly et al. 2007; Strayer, 2009). The
population densities and effects of zebra mussels have become so great that a new
management tool is needed. The control tools resource managers possess at present time
are not able to discriminate between target and non-target species, and as a result will not
aid in protecting native organisms in areas of concern due to high zebra mussel density. A
new control tool is needed that will preferentially target zebra mussels and minimize
impacts on native organisms, in particular the Unionidae, a critically endangered or
threatened group of organisms (Williams et al. 1993).

An effective way to increase specificity of a toxicant is to examine life history
traits of the target organism. Zebra mussels are filter-feeders, and so an orally delivered

47



toxicant may prove useful in reducing their numbers. However, because zebra mussels
are not the only filter-feeding organism in an aquatic system care must be taken to ensure
that the toxicant is released under specified conditions. Because the zebra mussels will be
ingesting the toxicant, it was necessary to examine their digestive physiology and more
specifically their digestive enzymes. A commercially available kit, api®ZYM, was used
to screen for which enzymes may be of interest in designing a control tool against zebra
mussels. The api®ZY M Kkit tests for the presence/absence of 19 enzymes. We previously
validated the use of the api®ZYM kit and found that seven enzymes could be analyzed
on more than a presence/absence basis; however, due to lack of information or the
inability to purchase, only four of the enzymes were further examined: alkaline
phosphatase, acid phosphatase, leucine arylamidase, and N-acteyl-B-glucosaminidase.

Enzymes have many effectors, one of which includes temperature. The effect of
temperature on an animal’s digestive enzymes is an important aspect of determining the
application time of a toxicant. Previous studies on digestive enzymes in mussels have
shown a significant decrease in enzyme activity when the enzyme is analyzed at a low
temperature (Brock et al., 1986; Khrueanet et al, 2009; Supannapong et al, 2008;
Areekijseree et al, 2002; Areekijseree et al, 2004). In specifically zebra mussels,
temperature has been shown to decrease amylase activity by 28% (Golovanova, 2011). A
study conducted on cellulase in zebra mussels showed that this enzyme has low thermal
sensitivity which was similar to other species cellulase thermal sensitivity (Payne et al.,
1972; Palais et al, 2010). If other enzymes in zebra mussels have a similar lack of thermal
sensitivity, these enzymes could be exploited to digest a toxicant when water

temperatures are low, and minimize impacts to native animals.
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Because the api®ZYM kit does not discriminate between activity and
concentration of enzyme present, amount of enzyme present and Qqo values were
determined by utilizing a specific kit for each enzyme screened for by the api®ZY M Kkit.
Q1o values are a measure of the effects of temperature on the rate of change of a chemical
reaction when the temperature is changed by 10°C, and may give insight into the activity
level of an enzyme at a given temperature. Relative enzyme efficiency was measured by
the amount of substrate converted to product over a given period of time at a given
temperature compared among species. Relative enzyme efficiency was used as a
surrogate for K¢,/Ky due to the length and cost of studies needed to generate such data.

The main objective of this study was to determine if there are any detectable
differences in enzyme amount or activity among the three species of filter-feeder studied:
zebra mussels, threeridge mussels, and H. orris. The secondary objective was to
determine what effects temperature has on these enzymes in these species.

Materials and Methods
Sample Collection and Processing

Ten threeridge mussels and 10 zebra mussels were collected via wading from the
Mississippi River near Winona, MN (44.064924,-91.652799) on two dates (8/15/12 and
9/21/12). A species of caddisfly (Hydropsyche orris) was also collected and used to
represent other filter-feeding invertebrates. Caddisfly larvae were collected using Hester-
Dendy samplers placed near mussel collection areas (HD; Wildco, Yulee, FL, USA).
Caddisfly larvae were identified based on morphological characteristics (Wiggins, 1996).

Only Hydropsyche orris was used for subsequent analysis. Due to the small sizes of the
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caddisflies, 2 and 4 larvae, dependent upon size, were pooled for each sample for
enzymatic analysis.

Each sample was homogenized using a Geno/Grinder® (SPEX Sample Prep,
Metuchen, NJ) and steel shot. Prior to homogenization, small amounts of deionized (DI)
water were added to each sample to prevent drying and minimize the sticking of tissue to
the tube walls during homogenization. The amount of water was dependent on the
amount of tissue: two milliliters for zebra mussels, one milliliter for caddisfly larvae and
no water was added to threeridge. Following homogenization, each sample was
centrifuged at more than 6,800 x g for 20 minutes. Threeridge mussel supernatants were
then diluted with an equal volume of DI water. Diluted supernatant was then used for
further analysis. Amount of tissue used was not weighed.

B-galactosidase Assay

[-galactosidase activity assay was performed on September Winona samples by
adding 2.85 mL assay buffer (60 mM NazPO,4, 10 mM KCI, 1 mM MgSOg, 1 mM
Dithiothreitol, pH 7.0), 140 uL of 4 mg/mL o-nitrophenyl-f-galactoside (ONPG) with 10
uL of sample. The absorbance was measured for 30 sec at 420 nm with a Genesys 10S
UV-Vis spectrophotometer (Thermo Scientific, Rockford, IL). Activity was measured in
Units/ml with one unit of B-galactosidase defined to produce 1.0 umol ONPG produced
per min. E. coli strain 3.300 CGSC 808 cell extract was used as a positive control. E.
coli strain 3.300 CGSC 808 containing a lac122 mutation was obtained from the Yale E.

coli genetics stock center. E. coli cells were grown in LB medium for 24 hours.
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Phosphatase Assays

Alkaline and acid phosphatases in August Winona samples were assayed
following the protocol for a Phosphatase Assay Kit (G-Biosciences, St. Louis, MO, USA)
according to the manufacturer’s instructions, except no Stop Solution was added. All
alkaline phosphatase assays were diluted and run in a buffer of 0.1 M Tris-HCI (pH 8.6)
and 10 mM MgCl,. All acid phosphatase assays were diluted and run in a buffer of 0.1 M
sodium acetate (pH 5.5) and 10 mM MgCl,. Fifty microliters of a 1:8 dilution of
homogenate:buffer was used to quantify the amount of enzyme in a 96 well plate. After
an incubation of 10 minutes at RT, the absorbance of the wells of the plate was measured
with a Multiskan Spectrum plate reader (Thermo Scientific, Rockford, IL) at 405 nm. A
purified alkaline or acid phosphatase (Sigma-Aldrich, St. Louis, MO, USA) was used in
known amounts (alkaline phosphatase: 0.3125 pU/pL to 2.5 pU/uL; acid phosphatase:
1.563 mU/uL to 6.25 mU/pL) to generate a standard linear curve to quantify the amount
of enzyme.

After quantification of amount of enzyme present in each sample, an aliquot of
each sample was used to dilute the amount of each enzyme to an equal amount (Alkaline
phosphatase: 1 mU/uL; Acid phosphatase: 5 mU/pL). Relative enzyme efficiency was
then assayed in the three species at two different temperatures (Alkaline phosphatase:
26.4 and 11°C; Acid phosphatase: 25.3 and 11°C) for 1 hour each with absorbance
readings every 1 minute using the same spectrophotometer.

Leucine Ayrlamidase assays
Leucine arylamidase, in September Winona samples, was assayed using a Leucine

arylamidase kit (Randox Laboratories Limited, Crumlin, UK). The kit protocol was
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followed with the following exceptions. The reaction size was scaled down to a 96-well
plate format from a cuvette format. The ratio of sample:working reagent was kept the
same using 18 pL of sample and 282 uL of working reagent. The working reagent was
prepared similarly to keep the ratio of substrate:buffer the same, using 9.40 pL of
substrate and 272.6 pL of buffer. The plate was incubated at 25°C for 4 minutes, and the
absorbances readings were read every 1 minute at 405 nm with a Multiskan Spectrum
plate reader (Thermo Scientific, Rockford, IL). Following quantification of amount of
enzyme, an aliquot of sample was used to dilute the amount of leucine arylamidase to an
equal amount (5 mU/mL), and the relative enzyme efficiency was assayed at two
temperatures (24 and 10°C) for 1 hour with absorbance readings at 405 nm every 1
minute.
N-acetyl-B-glucosaminidase Assays

N-acetyl-B-glucosaminidase (NAGase) concentration was assayed on August
Winona samples using a $-N-Acetylglucosaminidase kit (Sigma-Aldrich, St. Louis, MO,
USA). Diluted homogenate (5 pL) was used to quantify the amount of enzyme present.
The assays were incubated in a 96-well plate for 5 minutes at 37°C, and the absorbance
of each well was measured at 405 nm with a Multiskan Spectrum plate reader (Thermo
Scientific, Rockford, IL). An aliquot was used to dilute all samples to an equal amount of
enzyme (5 mU/mL). Relative efficiency was determined by extending the kit assay to 30
minutes and by taking absorbance readings every 1, 5, 15, and 30 minutes with 4 samples

of each species. Efficiency assay temperature was also varied at either 24°C or 10°C.
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Data Analysis

Enzyme Qo data, enzyme quantification data, and relative enzyme efficiency data
were analyzed by a 1-way ANOVA and Tukey’s Post-Hoc test with species as the
independent variable. Alkaline phosphatase and acid phosphatase were only analyzed to
the 10 minute time-point because of non-linearity issues with zebra mussel enzymes after
this point. Enzyme efficiency data was analyzed only at the higher temperature for each
enzyme, which we defined relative efficiency as the amount of substrate converted to
product over a period of time at a given temperature. The statistical analyses were
performed using R version 3.0.1 with a significance level of p < 0.05.

Results

Enzyme Quantification

Enzyme concentrations were significantly higher in threeridge mussels compared
to both zebra mussels and H. orris for all enzymes quantified (Table 11). Zebra mussels
were significantly higher in leucine arylamidase and NAGase concentrations compared to
H. orris (Table 1). Hydropsyche orris had significantly more alkaline phosphatase than

zebra mussels (Table 11).

Table 11. Enzyme concentrations from all three species evaluated with specific enzyme
kits. Values represented average concentrations £SD (n = 10 for all except for NAGase

values where n = 4). Letters indicate significant differences between groups (p < 0.05).

Alkaline

Acid

Leucine

Species phosphatase phosphatase arylamidase ('?Inﬁﬁz?_e)
(uU/uL) (mU/uL) (U/L)
Threeridge mussel 20.12+6.59% 22.63+3.83% 122.29+48.13% 274.63+61.81°
Zebra mussel 5.531.76° 15.84+4.79" 69.39+40.15° 165.13+55.29"
Hydropsyche orris 14.03+4.84° 16.65+6.11° 27.21+21.86" 40.09+18.19°
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B-galactosidase Assay

The assay for -galactosidase resulted in no enzyme activity in the September
Winona samples when compared to the positive control (data not shown), and as a result
the amount of -galactosidase was below detectable limits for all species tested.
Relative Enzyme Efficiency

For alkaline phosphatase, differences were found between the Q1o values for zebra
mussel and H. orris (p=0.003; Figure 7; Table 12). There was no difference between
threeridge mussel and the other species (versus zebra mussel p = 0.069; versus H. orris p
= 0.359; Figure 7; Table 12). No differences were detected in relative enzyme efficiency

among species (p = 0.168).
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Tme Zero Corrected Absorbance

Time (mins)
Figure 7. Alkaline phosphatase relative efficiency compared between temperatures and
among species at 1 mU/pL. Black circled line corresponds to 26.4°C; white circled line

corresponds to 11°C. Panel A: zebra mussel; B: Hydropsyche orris; C: threeridge mussel.
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Table 12. Q10 values for enzymes tested. Values represented average concentrations £SD
(n =10 for all except for NAGase values where n = 4). Letters indicate significant

differences between groups (p < 0.05).

Species Alkaline phosphatase ~ Acid phosphatase  Leucine arylamidase NAGase
Threeridge mussel 1.63+0.49% 1.32+0.20° 1.68+0.20° 1.52+0.18°
Zebra mussel 1.18+0.23° 1.02+0.09° 1.77+0.27° 1.18+0.40°
Hydropsyche orris 1.89+0.47° 1.30+0.27° 1.26+0.17" 1.27+0.15%

The next enzyme, leucine arylamidase, had significant differences between the
Q1o values of H. orris compared to both species of mussel (both p < 0.001; Figure 8;
Table 12), but no difference was found between Q1o values of mussel species (p = 0.631).
Differences were found in relative enzyme efficiency among species (p = 0.008). The
difference between relative enzyme efficiencies was between threeridge mussel and H.
orris (p = 0.008), with a higher relative enzyme efficiency in H. orris. The difference
between threeridge mussel and zebra mussel acid phosphatase was not statistically

significant (p = 0.052), but may be biologically significant.
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Tine Zero Corrected Abzorbance

B

Time (mins)
Figure 8. Leucine arylamidase relative efficiency compared between temperatures and
among species at 5 mU/mL. Black circled line corresponds to 24°C; white circled line

corresponds to 10°C. Panel A: zebra mussel; B: Hydropsyche orris; C: threeridge mussel.

The third enzyme, NAGase, had no significant differences among species Q10
values (p = 0.257; Figure 9; Table 12). No differences were detected in relative enzyme

efficiency among species (p = 0.237).
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Figure 9. NAGase relative efficiency compared between temperatures and among species
at 5 mU/uL. Black circled line corresponds to 24°C; white circled line corresponds to

10°C. Panel A: zebra mussel; B: Hydropsyche orris; C: threeridge mussel.

Acid phosphatase showed differences, in Q10 values, between zebra mussel and
the other two species (versus threeridge mussel p = 0.008; versus H. orris p = 0.014), but
not between threeridge mussel and H. orris (p = 0.969; Figure 10; Table 12). No

differences were detected in relative enzyme efficiency among species (p = 0.303).
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Figure 10. Acid phosphatase relative efficiency compared between temperatures and

among species at 5 mU/pL. Black circled line corresponds to 25.3°C; white circled line

corresponds to 11°C. Panel A: zebra mussel; B: Hydropsyche orris; C: threeridge mussel.

Discussion
B-galactosidase activity was not detected in threeridge, any zebra mussels,
threeridge mussels or caddisflies in our study. To our knowledge, this was the first study

that has attempted to measure f-galactosidase activity in mussels and caddisflies.
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Because no enzyme activity was detected, the diets of these animals must not have
contained any galactose residues at the time of sampling, or else the enzyme would have
been present. It may also be present as a zymogen, but this information is unknown for
these or similar species.

The Q10 values presented here are similar to other Q4o values calculated for
bivalves (Payne et al., 1972; Doucet-Beaupre et al., 2010; Palais et al, 2010). To our
knowledge ours is the first study to characterize the Q1o values for digestive enzymes
from a species of caddisfly.

Alkaline phosphatase Q19 values differed between zebra mussel and H. orris, but
no differences were found between Qs values for threeridge mussel and either other
species. Alkaline phosphatase in zebra mussels may not be as thermally sensitive as it is
in native species. Because there were no detectable differences in relative enzyme
efficiency, native animals may be producing more alkaline phosphatase to compensate
for the fall in activity due to thermal sensitivity. It has been shown previously, in
common carp Cyprinus carpio, that enzyme expression can be induced by low
temperatures to compensate for the fall in enzyme activity (Metz et al., 2003).

The Q1o value for H. orris leucine arylamidase differed significantly from either
mussel species, but the relative enzyme efficiency of H. orris leucine arylamidase only
differed from that of threeridge mussel. Leucine arylamidase from this species of
caddisfly is thermally insensitive, which suggests enzymatic activity during times of low
water temperatures. As seen with alkaline phosphatase, threeridge mussels and zebra
mussels compensate for thermal sensitivity by producing a greater amount of enzyme. It

may still be biologically significant that caddisfly leucine arylamidase activity was higher
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than that of zebra mussel. To our knowledge, this is the first study to characterize leucine
arylamidase from these types of animals and no other information is available.

The third enzyme, NAGase, did not show any differences in Qo values among the
species. This result may be due to a lack of power due to the low number of samples used
in the analysis (n = 4 for each species). If the number of samples could be increased,
statistical differences would likely be found. The only differences between species were
found to be in the amount of enzyme present in the samples (Table 7). This difference in
amount among species is likely because this enzyme is likely evolutionarily conserved
between mussel species due to its importance in digesting chitin, which is an important
structural molecule for planktonic crustaceans (Kurita 2006), which may be an important
part of the mussel diet (Strayer et al., 2004; Vaughn et al., 2008).

The final enzyme, acid phosphatase, had a higher Q1o value in zebra mussels
compared to the other two species; zebra mussel acid phosphatase concentration was
similar to that of H. orris, and only slightly less compared to threeridge mussel. Other
studies have looked at acid phosphatase in zebra mussels with a focus on
contaminant/stress effects (Giamberini and Pihan, 1997; Liu et al. 2004; Giamberini and
Cajaraville, 2005; Chen et al., 2007; lzagirre et al., 2009), however, the effect of
temperature, in regards to acid phosphatase’s use as a digestive enzyme, has not been
studied in mussels or Trichoptera until now to our knowledge. Because the relative
efficiency of the enzyme was similar in all species, and that this enzyme was thermally
insensitive in zebra mussels, this enzyme may be useful for the formulation of a control

agent to protect native species.
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CONCLUSIONS

From chapter 1, we were able to validate the use of the api®ZYM kit to measure
digestive enzymes. Seven of the 19 enzyme activities were able to be relatively quantified
on more than a presence/absence basis; however, only one enzyme had a linear
relationship between amount of enzyme and the absorbance produced. This lack of linear
relationships for the other enzymes suggests that the api®ZYM kit can only be used to
identify trends and relative activities of the enzymes. We were able to find that enzyme
activities were elevated in native mussels over those in zebra mussels in August. In
September, the same enzyme activities decreased in native mussels; the enzyme activities
stayed relatively the same or increased in zebra mussels.

Using the api®ZY M kit approach, we compared the activities of digestive
enzymes in threeridge mussels, zebra mussels and caddisflies from three locations over
five months to investigate species, temporal, and spatial effects on digestive enzyme
activity. Our results suggest that temporal and spatial effects do not play a role in the
activities of the seven digestive enzymes analyzed. Species was the only factor that
influenced digestive enzyme activity, and as a result inferences about the diet based on
inferences from the digestive enzymes can be generalized for the species tested.

The enzymes that were tested with the api®ZY M kit had their concentrations,
relative efficiencies, and Qo values analyzed with specific enzymatic kits. Our results
showed the enzyme efficiencies were almost all similar between species; however the

concentrations of the enzymes differed between species. The Q10 values differed
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between species and showed that certain species have enzymes that have lower thermal
sensitivities or have a high activity even at a low temperature. These results suggest that
the species with enzyme efficiencies produce more of the enzyme to compensate for the
lack of enzyme activity.

Even though all of the enzymes tested were found in all three species, differences
were found in the amount of enzyme, how the enzymes respond to temperature, and how
efficient the enzymes are. These enzymes require further investigation if one of them is to
be the target for a control agent against the invasive zebra mussel. Acid phosphatase may
present an exploitable way to reduce zebra mussel populations where they are a major
problem because of the thermal insensitivity of this enzyme in zebra mussels. Two
relatively simple enzyme assays cannot provide the information to confirm this, and more
exhaustive methods are required to ensure that if acid phosphatase is used effects on non-
target species are minimized.

Another strategy for targeting enzymes that may need to be considered are
enzymes that are more active in native animals than in zebra mussels. If the control agent
is designed in such a way that it is inactivated in the presence of an enzyme, this may
serve to protect native animals if they have either a higher amount or a higher activity of
the enzyme. This approach would still allow for a control agent to be designed and
implemented even if native animal enzymes are expressed in higher amounts or the

native animal enzymes are more active.
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