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ABSTRACT

Presence and Function of Tetrodotoxin in Terrestrial Vertebrates and Invertebrates

by

Amber N. Stokes, Doctor of Philosophy
Utah State University, 2013
Major Professor: Dr. Edmund D. Brodie, Jr.
Department: Biology

Tetrodotoxin (TTX) is a potent neurotoxin that acts by blocking the pore region of
voltage-gated sodium channels in nerve and muscle tissue. This causes paralysis, and
often death due to asphyxiation. Interestingly, TTX is found in an array of organisms
ranging from bacterial species to vertebrates. Further, TTX is found in both aquatic and
terrestrial environments. This range of taxa and environments has led to three common
lines of study for ecological research on this toxin: production, predation, and
identification of novel TTX bearing taxa.

I began my research by also refining a Competitive Inhibition Enzymatic
Immunoassay technique for fast, easy, and inexpensive quantification of TTX. I then
focused on the three previously mentioned areas of research. Female newts (Taricha
granulosa) are known to endow their eggs with TTX in order to protect them from
predation. I looked at whether females allocated TTX to their eggs evenly over three
years in captivity and compared those levels to TTX levels in eggs directly after capture.

I found that eggs had lower levels of TTX following initial capture, but those levels did



v
not change over the next three years. This provides evidence that TTX is endogenously

produced in this species.

Because of the high levels of TTX in newts, there are few known predators. I
observed river otters feeding on newts in a high elevation lake in Oregon. I found that
these newts have very low levels of TTX, and that in general high elevation populations
in Oregon have low levels of TTX relative to low elevation populations. Finally, I
documented TTX in two species of terrestrial flatworm (Bipalium adventitium and
Bipalium kewense). Tetrodotoxin has never before been identified in a terrestrial
invertebrate species. Further, I found evidence that suggests that TTX is used for both
defense and prey capture in these worms. These studies add to our understanding of the
evolution of TTX and how it influences interactions between organisms and their biotic

and abiotic environments.

(120 pages)



PUBLIC ABSTRACT

Presence and Function of Tetrodotoxin in Terrestrial Vertebrates and Invertebrates

by

Amber N. Stokes, Doctor of Philosophy

Utah State University, 2013

Tetrodotoxin (TTX) is a potent neurotoxin found in a variety of species. This
toxin has long been of concern to human health as it is found in puffer fish, which are a
delicacy in Japan. Since the distribution of this toxin is so great, there are many
questions regarding the evolution and ecology of organisms that have TTX. My research
has focused on further investigating three topics with this research: production, predation,
and identification of novel TTX bearing taxa. In order to perform this research I first
refined a Competitive Inhibition Enzymatic Immunoassay methodology to quantify levels
of TTX in tissue.

Production: There is not a consensus among the scientific community as to how
TTX is produced. Given that it is found in such a wide variety of species, it has been
thought that perhaps bacteria and then bioaccumulated through the food chain to larger
organisms. However, there is little support for this in newts (7aricha granulosa). 1
investigated this question by looking at TTX levels in newt eggs over time in the lab. It
is thought that if they acquire TTX from somewhere else, levels will drop in the lab
because they have non-TTX bearing diets. However, if TTX is produced by the newts

TTX levels should remain relatively constant. We found that after the initial capture,
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TTX levels declined. However, they remained constant in the three following years. |

believe that the initial decline was due to the shortened breeding period in the lab, and
that this study is further evidence for TTX production in these newts.

Predation: The high levels of TTX found in newts has resulted in few predators. I
observed river otters feeding on these newts in a high elevation lake in Oregon. I found
that this population has low levels of TTX, which enabled otters to eat them. Further, I
found that high elevation populations in Oregon tend to have lower TTX levels than do
low elevation populations in general.

Novel species: Tetrodotoxin has never been identified in a terrestrial invertebrate.
I identified TTX in two species of terrestrial flatworms (Bipalium adventitium and B.
kewense). Further, I found that TTX likely is utilized by these species in order to protect
them from predation and to subdue larger prey items.

These studies have provided further evidence for the production of TTX as well
as the biotic and abiotic interactions surrounding organisms that have TTX. This will

help us understand the evolution of this toxin.
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CHAPTER 1

INTRODUCTION

Chemicals are used often in organismal systems for communication, defense, and
during predation (Eisner and Meinwald 1995). One such toxin is Tetrodotoxin (TTX),
which is a highly potent neurotoxin that acts by blocking the pore region of voltage-gated
sodium channels (Narahashi et al. 1964; 1967). This action prevents the propagation of
action potentials, inducing paralysis. Death occurs from the paralysis of the diaphragm
and subsequent asphyxiation (Brodie 1968). Tetrodotoxin was initially identified in
fishes of the family Tetraodontiformes (Miyazawa and Noguchi 2001). Puffer fish are
within this family of fish, and are well known as a delicacy in Japanese cuisine. The
effects of TTX have been known in certain cultures of people for nearly 5000 years
(Fuhrman 1986). Tetraodon lineatus was found on the Egyptian tomb from the Fifth
Dynasty around 2500 B.C, and there is evidence that they were aware of the toxic nature
of these fish. The Chinese emperor Shun Nung wrote about the eggs of puffer fish as a
medicine sometimes around 2700 B.C. Europeans did not learn of the toxic nature of
puffer fish until 1727, when Engelbert Kaempfer published his book History of Japan.
And, in 1774 Captain James Cook experienced the toxic effects of TTX when they ate
fish of “a poisonous quality” (Cook 1775). It wasn’t until nearly 100 years later, that
experiments to understand the mechanisms of action and chemical structure of TTX were
underway (Fuhrman 1986). Identifying and understanding TTX was important in the

early days because consumption of puffer fish could be fatal if not prepared correctly.
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Since TTX was initially described, however, there has been a vast increase in the number
of species identified with TTX. Red calcareous algae, dinoflagellates, and bacteria are
some of the organisms identified with TTX (Miyazawa and Noguchi 2001). Further,
there are more than 12 major animal groups that have been identified as having TTX.
These taxa range across both invertebrate and vertebrate groups and cross between
marine and terrestrial environments. These groups include fish, horseshoe crabs, xanthid
crabs, blue-ringed octopuses, gastropods, starfish, flatworms, ribbon worms, arrow
worms, annelids, salamanders/newts, and frogs. Due to this variety of organisms
possessing TTX, the importance of understanding the toxin has shifted from solely an
issue of human health, to questions regarding the ecology and evolution of such a
pervasive toxin.

Because TTX is distributed in such a variety of organisms and ecosystems there
have become three common avenues of research pursued in ecological studies of TTX:
production, predation, and identification of novel taxa with TTX. These lines of research
all add to the overall picture of where TTX comes from and how it influences interactions
between organisms and both their biotic and abiotic environments.

The mode of production of TTX in natural systems is still unknown, and whether
TTX is produced exogenously or endogenously has been debated by scientists studying
TTX (Chau et al. 2011). Those who support the idea of exogenous origins of TTX,
believe that TTX is produced by bacteria and acquired through one of two modes. First,
the bacteria produce TTX, which is then transferred up through the food chain.

Secondly, there is a symbiotic relationship between the TTX producing bacteria and the



species acquiring TTX. Most evidence in the literature has been in support of the first
hypothesis (Noguchi et al. 2006a, b; Noguchi and Arakawa 2008). For example, TTX
producing bacteria have been cultured from species of puffer fish, but these fish no
longer have TTX when raised in captivity (Noguchi et al. 2006a, b). However, bacterial
cultures have been found to produce very low levels of TTX, further providing support
for the idea that TTX is obtained through bioaccumulation (Noguchi and Arakawa 2008).
Predators of Taricha adults (Williams et al. 2004) and eggs (Gall et al. 2012) have been
shown to sequester the toxin, providing further evidence that sequestration through the
food chain is possible.

Lehman et al. (2004) tried to determine if rough-skinned newts, Taricha
granulosa, have TTX producing species of bacteria, but were unable to find any evidence
of such. Other data have shown that 7. granulosa females actually increase in TTX
levels over time in the lab despite eating a TTX free diet (Hanifin et al. 2002). Similarly,
Atelopus oxyrhynchus frogs have been shown to have high levels of TTX for 3.5 years in
the lab (Yotsu-Yamashita et al. 1992). These data suggest that TTX may be produced
endogenously some how. However, it is also possible that production of TTX varies
from species to species. Some may use a form of exogenous production, while others use
endogenous production to obtain TTX in their tissues. Many possible pathways for the
biosynthesis of TTX have been proposed, however, the pathway has not been fully
elucidated for TTX at this time (Chau et al. 2011). Because we don’t know the pathway
for TTX production, it is difficult to fully understand how and where TTX may be

produced/acquired in an organism.
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As these questions remain, it has become increasingly important in TTX research
to understand the interactions in communities that include TTX-bearing taxa.
Tetrodotoxin has been shown to have a wide variety of ecological roles ranging from a
pheromone to a defensive chemical (Williams 2010). Multiple lines of evidence suggest
that TTX is often used as a chemical signal as either an attractant or as a warning signal.
For example, in species of TTX-bearing marine snails, TTX functions as an attractant
with the level of attraction positively correlated with the snail’s own TTX levels (Hwang
et al. 2004). Similarly, copepods parasitic on puffer fish species utilize TTX in order to
find a host (Ito et al. 2006). Larvae of the California newt (Taricha torosa) detect TTX
in order to avoid being cannibalized by conspecific adults (Zimmer et al. 2006).

Despite the many ecological functions that may exist for TTX, it is most often
studied in the context of predator/prey interactions. In some cases, TTX is used during
predation to immobilize large or highly mobile prey items. Ritson-Williams et al. (2005)
found that TTX in a polyclad flatworm from Guam did not successfully protect
individuals from predation, but effectively immobilized prey increasing prey capture
success. Several species of TTX-bearing poison arrow worms have been shown to
immobilize copepod prey in a lab setting (Nagasawa 1985). Often, the function of TTX
is initially elucidated by the location of the toxin. For example, there is not yet any
evidence of how effective TTX is against the natural prey of blue-ringed octopuses
(Williams 2010). However, this species primarily stores TTX in the posterior salivary
glands (Hwang et al. 1989; Yotsu-Yamashita et al. 2007; Williams and Caldwell 2009),

which is a common location for octopus venom (Ghiretti 1960).



Most often, however, TTX is considered a defensive toxin. Again, much of the
evidence is based on the location of the toxin. In many species such as amphibians, blue-
ringed octopuses, and puffer fishes TTX is found in the skin (Noguchi and Arakawa
2008). Further, there are species of flatworm, newt, and puffer fish that have high
concentrations of TTX in the ovaries, which is then endowed into their eggs (Williams
2010). However, in regards to 7. granulosa, there is empirical evidence dating back to
1968 suggesting that TTX is used as a defense from a wide array of potential predators
(Brodie 1968). Early life-history stages of 7. granulosa have also been shown to utilize
TTX defensively, which successfully protects them from predation by dragonfly larvae
(Gall et al. 2011b). Furthermore, the eggs of 7. granulosa are highly toxic (Hanifin et al.
2003), and TTX has been indicated as an effective defense against invertebrate egg
predators (Gall et al. 2011a).

Though our knowledge of the function of TTX as well as the distribution of TTX
in the natural world has grown significantly in the last 50 years, TTX has been difficult to
quantify. Tetrodotoxin may be quantified using methods like High Phase Liquid
Chromatography (HPLC), Gas Chromatography-Mass Spectroscopy (GC-MS), or Liquid
Chromatography-Mass Spectroscopy (LC-MS) (Noguchi and Mahmud 2001). Though,
these methods are highly effective for quantification and identification of TTX and its
many isomers, they are very expensive and require trained individuals to run them. Other
methods such as the mouse bioassay technique commonly employed by Japanese

laboratories are difficult to get approval from institutional animal care and use



committees (IACUC), and require housing and feeding for mice. Because of these
reasons, TTX research has been challenging for many labs.

The goal of my research has been to refine methodology for quantifying TTX in a
manner that is both accurate and inexpensive. This then allowed me to pursue the three
main avenues of inquiry regarding TTX: production, predation, and identification of
novel taxa with TTX.

Chapter 2. This chapter describes a newly refined methodology for quantifying
TTX called a Competitive Inhibition Enzymatic Immunoassay (CIEIA). This procedure
is much less expensive, costing about $0.32 per sample in contrast to $12.00/sample for
HPLC. Other similar techniques have been published for TTX quantification, however,
these methods proved to be difficult to replicate as they contained errors, did not report
optimal concentrations of reagents, or required detailed knowledge of EIA procedures.
This chapter refines those previously published methods in an attempt to aid others in
quantification of TTX and amplify our ability to study these systems.

Chapter 3. One of the major questions with TTX research is whether or not the
toxin is produce exogenously or endogenously. There is not a consensus one way or
another in any system known. A simple method of collecting evidence for one of these
two hypotheses is to measure the levels of TTX-bearing animals while in captivity with a
controlled diet. Hanifin et al. (2002) found that 7. granulosa actually increase TTX
levels in captivity. However, nobody had asked this question in regards to the eggs of

Taricha, which are also highly toxic. This chapter examines the TTX levels in 7.



granulosa eggs over three years in the lab, and provides further evidence to support the
hypothesis that newts produce TTX endogenously.

Chapter 4. Taricha granulosa have long been known to only have one successful
predator, snakes of the genus Thamnophis (Brodie 1968; Brodie and Brodie 1990; 1991).
These snakes have evolved changes in the gene sequence for the pore region of the
voltage-gated sodium channel, which alter its shape, and lowers the binding affinity of
TTX to that channel (Geffeney et al. 2002; 2005; Feldman et al. 2009). This renders the
snakes resistant to the effects of the toxin, and therefore, able to ingest toxic newts. This
predator-prey system is also recognized as a coevolutionary arms race (Brodie and Brodie
1990; Brodie and Brodie 1991). However, there are some documented instances of
predation on newts by other species of animal with no ill effects to the predator (Fellers et
al. 2008; Gall et al. 2011b). The question in these systems is whether the newts have
very low levels of TTX or whether the predator is resistant to TTX in some way. This
chapter investigates novel predation on newts by otters in high elevation lakes in Oregon.
I also investigated the relationship between elevation and the TTX levels of newts. These
data further our knowledge about additional selective pressures on some populations, as
well as increase our understanding of TTX in newt populations.

Chapter 5. Despite the array of species identified of having TTX, there has never
been a terrestrial invertebrate identified with TTX. In this chapter, I identify two species
of terrestrial flatworm that have TTX, Bipalium adventitium and Bipalium kewense.
Further, I show that there is evidence suggesting that both species of Bipalium use TTX

defensively and during predation. I looked at TTX levels in three body segments of the



flatworms in order to determine relative levels and distribution. I compared these levels
as concentration and as the total amount of TTX per unit weight of body segment. These
data open up a new area of research in the study of TTX and have great implications for

the evolution of TTX bearing species.
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CHAPTER 2
AN IMPROVED COMPETITIVE INHIBITION ENZYMATIC IMMUNOASSAY

METHOD FOR TETRODOTOXIN QUANTIFICATION'

Quantifying tetrodotoxin (TTX) has been a challenge in both ecological and
medical research due to the cost, time, and training required of most quantification
techniques. Here we present a modified Competitive Inhibition Enzymatic Immunoassay
for the quantification of TTX, and to aid researchers in the optimization of this technique

for widespread use with a high degree of accuracy and repeatability.

BACKGROUND

Tetrodotoxin (TTX) is a low molecular weight neurotoxin that blocks the pore
region of voltage-gated sodium channels [1, 2, 3] and is found in a wide array of taxa
(reviewed by 4). The diversity of species with TTX raises questions about the ecological
functions and evolutionary implications of TTX [reviewed by 5]. Further, TTX is of
concern to human health as fugu and marine gastropods are commonly consumed in
Asian countries [e.g. 6, 7]. Therefore, quantification of TTX is of high importance for
multiple fields of research. Traditional approaches for quantifying TTX have limited
efficiency and practicality. For example, one common method of quantifying TTX is

High Performance Liquid Chromatography [HPLC; reviewed by 8; 9]. HPLC is an

! Coauthored by Amber N. Stokes, Becky L. Williams, and Susannah S. French.
Reprinted with permission of Springer from Biological Procedures Online Vol. 14, Issue
1,2012.
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effective means of measuring TTX but is costly, time consuming, and requires special
training and expensive equipment.

A more efficient method of quantifying TTX is to use an immunoassay specific to
tetrodotoxin. Several methods for Competitive Inhibition Enzymatic Immunoassays
(CIEIA) or other competitive enzyme immunoassays (EIA) exist [e.g. 10, 11, 12, 13].
However, in our experience previously published immunoassay methods are not
replicable without detailed knowledge of EIA procedures, contain errors, or report
suboptimal concentrations of reagents. Here, we report a modified CIEIA procedure that
employs a commercial monoclonal antibody specific to TTX for identification and
quantification. Additionally, we report the repeatability between plates within a lab.
This method is flexible and adaptable and could identify and quantify TTX in a range of
medical or ecological studies using readily available and more affordable lab equipment

and reagents.

RESULTS AND DISCUSSION

This assay is highly repeatable, sensitive, and an accurate means of quantifying
TTX (Table 2.1). The minimum limit of detection was 10 ng/ml (13; Figure 2.1a), and
the linear range of the standard curve was 10-500 ng/mL with r* = 0.992 (Figure 2.1b).
In the linear range, the average intraplate CV for replicates was 6.38 and 7.72%, while
the average interplate CV was 8.88%. The concentration of TTX at which 50% of the

anti-TTX was inhibited from binding was ~ 75 ng/mL.
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Table 2.1. Comparisons of the calculated concentrations from two different plates run
the exact same way. Actual standard concentrations were 100, 75, 50, 25, and 10 ng/mL
from top to bottom, and were made for each plate independently.

Concentration Concentration Mean Standard CV (%) Percent
1 (ng/ml) 2 (ng/ml) (ng/ml) Deviation Difference
104.37 107.72 106.05 2.37 2.23 3.16
72.77 74.67 73.72 1.34 1.82 2.57
50.22 44.93 47.58 3.74 7.86 11.12
23.87 23.13 23.50 0.52 2.23 3.15
10.31 10.93 10.62 0.43 4.10 5.80
a. b.
3 y =-1.3299x +4.002
34 2 =0.9888
: g
8 < 2.
2 : <
< " § 14
1 . b=
' [ ]
0 . , — .., 0 , : .
0 1 2 3 4 5 0 1 2 3

Log concentration TTX (ng/mL) Log concentration TTX (ng/mL)

Figure 2.1. Tetrodotoxin standard curves. (a) Standard curve of tetrodotoxin using
concentrations of 100,000 ng/mL through 1 ng/mL. Each sample was run in triplicate and
all points are displayed to demonstrate variation between replicates. (b) Linear portion of
standard curve (+SEM). Linear range is between 10 and 500 ng/mL.
This CIEIA procedure allows for broader study of TTX-bearing organisms where

a high sample volume can be screened with relatively little expense ($0.32 per sample vs.
$12.00 per sample with HPLC [excluding equipment and labor]), time (7 hours vs. 48-96
hours for HPLC for 24 samples), and technical expertise. However, because TTX analogs

cannot be identified with this technique, we recommend that data be augmented by HPLC

or GC-MS services for a few representative samples. Testing of the primary antibodies
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with several TTX congeners has shown that they are specific to TTX and do not bind to
these congeners [12].

Screening organisms that have yet to be tested for TTX will further our
understanding of the role of TTX in ecological systems and evolution. Furthermore, this
assay could facilitate rapid pathology tests in human poisoning cases that can be
conducted at a wider array of research/medical facilities. Modification of existing
methods was necessary to eliminate non-specific binding where possible, which is
important for accurate quantification and interpretation of the results. The low variability
between plates inherent to this method demonstrates that this technique is sufficiently

repeatable to be widely used in a variety of medical and ecological studies.

CONCLUSIONS

The methodology presented here modifies and refines previous methodology
(Kawatsu et al. 1997; Lehman 2007; Raybould et al. 1992; Tao et al. 2010) in order to
make CIEIA techniques for quantifying TTX more feasible for researchers that do not
routinely perform such techniques or have access to specialized equipment (e.g., HPLC).
Additionally, this CIEIA technique is more sensitive to TTX detection than HPLC is
from previously reported analyses [14, 15]. This immunoassay has been proven useful in
quantifying TTX in newts of the genus Taricha [16], and has quantified concentrations
within the expected range of those quantified using HPLC previously (unpublished data).
Furthermore, these methods provide the necessary methodology for eliminating issues

with nonspecific binding that may occur with the technique.
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METHODS

Conjugate Preparation

Conjugate preparation is significantly modified from previous work [11, 12].
Specifically, TTX binds to Bovine Serum Albumin (BSA; Sigma; A7906-50G) with
formaldehyde and the BSA will tether TTX (a small hydrophilic molecule) to the plate.
Because the commercial anti-TTX antibodies were created against a keyhole limpet
cyanin (KLH) conjugate, the antibodies do not cross-react with BSA in the final assay
[12]. Seven-hundred pL TTX (Sigma; T5651) at 1 mg/mL, 300 puL sodium acetate buffer
(1 N; adjusted to pH 7.4 using 0.05 N acetic acid; Sigma; S7670), 179 uL of BSA at 33.6
mg/mL, and 41 pL of 37% formaldehyde (Fisher Scientific; AC11969) are added drop-
wise to an amber glass vial (conjugate is light sensitive), in that order, and vortexed.
TTX is soluble at a pH of 4-5, however previously reported methodology states that TTX
should be dissolved at a pH of 7.4 in sodium acetate buffer [11, 12]. We utilized] mg
TTX lyophilized in 5 mg citrate buffer and dissolved in 1 ml of ddH,O, which yielded the
appropriate pH, with no consequences to the efficacy of the conjugate. The conjugate
solution is then incubated in a shaker for three days at 37°C. Following incubation, the
solution is transferred to dialysis tubing and dialyzed over a three day period at 4°C
against four equally spaced 1L-changes of phosphate buffered saline (PBS; Fisher
Scientific; BP665-1). The concentration is then determined by spectrophotometry
(NanoDrop ND-1000 Spectrophotometer; at 280 nm). Finished conjugate may be stored

at 4°C and does not need to be lyophilized [as in 13].
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Conjugate optimization

Optimal conjugate concentration is determined by running plates of standard curves
with serial dilutions of the conjugate. Excessively concentrated conjugate results in high
variation due to nonspecific binding [17]. Others [11, 12] reported 2 pg/mL
concentrations for anti-TTX antibodies (Hawaii Biotech) and 10 pg/mL BSA-TTXF
conjugate to coat the plate. We found that using a 2 ng/mL solution of conjugate and
consequently, a lower concentration of antibodies, can be used saving materials,
eliminating nonspecific binding, decreasing variation, and improving the fit and accuracy
of the standard curve. For each new lot of antibody purchased and used, the appropriate
concentration of antibodies will have to be optimized using standard solutions of TTX
and testing serially diluted anti-TTX antibodies. Both primary and secondary antibodies

can be stored at 4°C or -20°C between uses.

Extraction of TTX and Preparation of Standards

TTX is extracted by previously described methods [18]. Briefly, filtrates may be
stored at -80°C for up to 5 yr. without degradation of TTX (CT Hanifin pers comm.).
Standards are prepared using 1 mg TTX lyophilized in citrate buffer (Ascent Scientific;
Asc-055) dissolved in 1 mL of a 1% solution of BSA diluted in PBS. The linear range of
the curve is quite large (see results), so we use standard concentrations of 10, 50, 100,
300 and 500 ng/mL diluted in 1% BSA-PBS from the 1 mg/mL stock solution for each
assay. In cases where the samples are not diluted by at least 1:2, standards are prepared
by diluting in 0.1 M acetic acid rather than the 1% BSA solution. We have found that the

absorbance values for acetic acid are slightly different than those of 1% BSA solution.
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Using acetic acid as the background for samples that are not diluted compensates for this,
and does not alter the accuracy of the standard curve. All standards, samples, and stock
solutions should be stored at -80°C between uses with little affect due to freeze/thaw of

solutions.

Assay Set-up

Assays are run in 96-well microtiter plates (Nunc MaxiSorp, Fisher Scientific;
439454). The first of three controls is a blank and does not receive any sample, standard,
or antibody (Figure 2.2). The second is a positive control that tests the efficacy of the
alkaline-phosphatase labeled goat anti-mouse IgG+IgM (H+L) secondary antibodies
(Jackson ImmunoResearch; 115-055-044). The third is a negative control, in which 1%
PBS-BSA is used as a sample with no TTX. In cases where acetic acid is used to prepare
standards, 0.1 M acetic acid is the negative control. This assay is very sensitive to
temperature changes and should be run at approximately 25-30° C. We also report here,
for the first time, that small pigment molecules not excluded during the extraction process
can add to the absorbance and thus interfere with TTX quantification. Additionally, there
may be non-specific secondary binding in some cases, which may give false positive
results. These issues are circumvented by running controls of each extract with no anti-
TTX antibody to measure baseline absorbance for each sample, which will be subtracted

from the absorbance of the quantified sample.
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Negative | Negative | Negative

No 10 No 1° No 1° S1 S1 S1 Ncs)11° Ngllo N§11° S9 S9 S9
No 20 No 20 No 20
Positive | Positive | Positive S2 S2 S2
No 1° No 10 No 10 S2 S2 S2 No 10 No 1° No 1° S10 S10 S10
Negative | Negative | Negative S3 s3 s3
0 ng/mL | 0 ng/mL | 0 ng/mL S3 S3 S3 No 10 No 10 No 10 Si1 Si1 Si11
TTX TTX TTX
500 500 500
ng/mL ng/mL ng/mL S4 S4 S4 NonO NoSiO NoSiO S12 S12 S12
TTX TTX TTX
300 300 300
S5 S5 S5 S9 S9 S9
ng/mL ng/mL ng/mL S5 S5 S5 o ° ° ° o °
TTX TTX TTX No 1 No 1 No 1 No 1 No 1 No 1
100 100 100
S6 S6 S6 S10 S10 S10
ng/mL ng/mL ng/mL S6 S6 S6 o ° ° ° o o
TTX TTX TTX No 1 No 1 No 1 No 1 No 1 No 1
50 50 50
S7 S7 S7 S11 S11 S11
ng/mL ng/mL ng/mL S7 S7 S7 o ° o ° o o
TTX TTX TTX No 1 No 1 No 1 No 1 No 1 No 1
10 10 10
S8 S8 S8 S12 S12 S12
ng/mL ng/mL ng/mL S8 S8 S8 o ° o ° o °
TTX TTX TTX No 1 No 1 No 1 No 1 No 1 No 1

Figure 2.2. A typical template used for plates. Each sample starts with the letter S.
Samples run without primary antibodies are used to eliminate any background noise
caused from the sample itself.
Assay Procedures

The assay: (1) Each plate is coated with 100 pL. conjugate diluted in PBS (2
pug/mL). The plate is incubated for one hour at room temperature (RT), and washed three
times with 250 uL of PBS-T (500 pL Tween-20 (Fisher Scientific; 23336-2500) per 1 L
PBS) buffer using a plate washer (Bio-Rad model 1575; may also be performed by hand).
(2) We next block the plate using 200 pL of 1% PBS-BSA, incubate for one hr at RT,
and again wash the plate. (3) Fifty microliters of standards or samples are added to wells
in triplicate. Samples should be diluted to within the range of the standard curve
(preliminary data may be collected to determine proper dilutions). (4) Fifty microliters of
anti-TTX antibodies diluted to the optimal concentration (0.391 pg/ml in our case) are
added to all sample and standard wells except individual extract controls, incubated one

hr at RT, and washed. (5) One hundred microliters of anti-mouse IgG + IgM antibodies
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(H + L) are added to all wells except the positive and blank controls, incubated one hr at
RT, and washed. (6) Fifty microliters of secondary antibodies are added to the positive
control wells, and 200 pL of a 1 mg/mL pNPP solution (diluted in diethanolamine buffer:
400 mL ddH20, 52.22 g diethanolamine (Sigma; D8885-500G), adjusted to pH 9.80 with
concentrated HCI, 0.051g MgCl, (Fisher Scientific; AC41341-0025)) is added to all of
the wells. The plate is protected from light and incubated at RT for 10 minutes. (7) The
plate is then read in a Bio-Rad xMark Microplate Spectrophotometer (any standard
absorbance reader with the appropriate filter is sufficient) at an absorbance of 405 nm.

Readings are taken every 5 minutes following the initial 10-minute reading.

Calculations

The mean, standard deviation, and coefficient of variation (CV) for each of the
standards are calculated. To back-calculate standard concentrations, mean absorbance
values of the standards are plotted against the log of the known concentration for each
standard. The time frame with the best standard predictions (least summed variance from
known values; usually highest r* value of the regression line) is selected for sample
quantification. The best time frame is usually 20—45 minutes. Sample values outside the
range of the standard curve are diluted and re-run, re-assayed as a more concentrated
extract, or reported as either below detection limit (BDL) or above detection limit (ADL)
depending on whether they fall above or below the curve. The concentrations for any
samples are adjusted via dilution factor. The mean value for the negative control (BSA
or acetic acid), or preferably individual extract controls, should be subtracted from the

mean values of the unknowns to eliminate background noise for the most accurate final
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concentration.
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CHAPTER 3
FEMALE NEWTS (TARICHA GRANULOSA) PRODUCE TETRODOTOXIN LADEN

EGGS AFTER LONG TERM CAPTIVITY?

We investigated the presence of tetrodotoxin (TTX) in the eggs of wild-caught
newts (Taricha granulosa) at capture and again after one, two, and three years in
captivity. Females initially produced eggs that contained quantities of TTX similar to
previous descriptions of eggs from wild-caught adults. After the first year in captivity,
the egg toxicity from each female declined, ultimately remaining constant during each of
the successive years in captivity. Despite declining, all females continued to produce
eggs containing substantial quantities of TTX during captivity. The decline in toxicity
can not be attributed to declining egg mass but may be the result of the abbreviated
reproductive cycle to which the captive newts were subjected in the lab. Finally, an
estimate of the amount of TTX provisioned in the entire clutch from each female is
similar to the quantity of TTX regenerated in the skin after electrical stimulation. These
results, coupled with other long-term studies on the maintenance and regeneration of

TTX in the skin, suggests an endogenous origin of TTX in newts.

2 Coauthored by Brian G. Gall, Amber N. Stokes, Susannah S. French, Edmund D.
Brodie III, and Edmund D. Brodie, Jr. Reprinted with permission from Elsevier from
Toxicon Vol. 60, pages 1057-1062, 2012.
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INTRODUCTION

One of the most deadly naturally occurring compounds is tetrodotoxin (TTX).
This neurotoxin is a non-proteinaceous water-soluble guanidinium ion, consisting of a
complex carbon ring-structure with associated amine and aminal groups (Mosher et al.,
1964; Narahashi et al., 1967). Organisms in 17 different orders distributed across eight
phyla possess TTX (Chau et al., 2011; Miyazawa and Noguchi, 2001), yet the only clear
phylogenetic pattern in its occurrence falls within a small number of families (e.g.
Salamandridae, Tetraodontidae). This seemingly “random” distribution has made
characterizing the mechanism by which organisms acquire the toxin, as well as the
biosynthetic pathway by which TTX is produced exceedingly difficult, and little solid
evidence has been gathered on either of these fronts.

Three major hypotheses exist to explain the acquisition of TTX in vertebrates and
invertebrates; (1) symbiotic bacteria produce TTX, which is then sequestered by the host
organism, (2) tetrodotoxin toxicity occurs through bioaccumulation via the food chain,
(3) TTX is produced endogenously. The model widely accepted for marine organisms
involves the production of TTX by symbiotic bacteria (Simidu et al., 1987; Wang et al.
2010). However, many of the marine organisms found to possess TTX are eaten by
larger vertebrates, such as puffer fish, that are resistant to the toxin (Venkatesh et al.,
2005). In these cases, it is believed that TTX toxicity occurs through bioaccumulation
through the food chain (Noguchi et al., 2006). Finally, some organisms, amphibians in
particular, do not appear to fit either of these models and may be able to directly

synthesize TTX (reviewed by Hanifin, 2010).
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Until the pathway for TTX production is discovered, researchers must utilize
indirect evidence on the distribution of TTX to infer where and how this toxin is formed.
Regardless of the mechanism by which TTX is acquired, understanding temporal and
ontogenetic changes in TTX toxicity would allow a more in-depth assessment of the
hypotheses for TTX production. Despite decades of research, ontogenetic or temporal
changes in toxicity are poorly understood in most organisms. For example, the puffer
fish (Order: Tetraodontiformes) have been intensively studied for over 100 years (Chau et
al., 2011; Fuhrman, 1986) and although TTX is present in high concentrations in the
liver, ovaries, and skin of wild-collected adult puffer fish (e.g. Jang and Yotsu-
Yamashita, 2000), it is virtually unknown if toxicity changes over time in adults or
larvae/juveniles (but see Nunez-Vazquez et al., 2012).

Individual and ontogenetic changes in toxicity are probably best understood in the
newts (Salamandridae). In newts large quantities of TTX are located in the skin, while
minute amounts can be found in other tissues such as muscle and blood (Wakely et al.,
1966). There is tremendous within and between population variation in tetrodotoxin
toxicity across large spatial scales in Taricha granulosa, which is believed to be the result
of coevolution with a snake predator (Brodie and Brodie, 1990; Brodie et al., 2002;
Feldman et al., 2012; Geffeney et al., 2002; Hanifin et al., 1999, 2008; Williams et al.,
2010a). Long-term lab studies indicate that the toxicity of the skin not only increases
over time but can be regenerated after excretion, despite being maintained on a diet that

does not contain TTX (Cardall et al., 2004; Hanifin et al., 2002).
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In newts, high levels of TTX are also found in the ovaries, ova, and recently
deposited eggs (Hanifin et al., 2003; Mosher et al., 1964; Wakely et al., 1966). Although
several recent studies have expanded our understanding of changes in TTX during early-
life history stages (Gall et al., 2011b; Tsuruda et al., 2002), only one study has quantified
the toxicity of individual eggs from females (Hanifin et al., 2003). Further, it is unknown
if toxicity changes between successive clutches from a female or whether TTX is
deposited in the eggs when females are reared in captivity. To better understand the
lability of TTX production in female newts, we quantified the amount of TTX in newt
eggs immediately after gravid females were collected from the wild and after one, two,
and three years in captivity. Additionally, we estimated the amount of toxin produced
and provisioned in a clutch by each female and compare this to published reports of TTX

regeneration in newts from the same population.

MATERIALS AND METHODS

Animal Collection and Maintenance

We quantified the amount of TTX in a subset of eggs from each of 3 or 4 clutches
of eggs deposited in successive years by female Taricha granulosa. Gravid female newts
(Taricha granulosa) were collected in March 2009 (N = 3) and 2010 (N = 5) from Soap
Creek ponds in the central Willamette Valley, OR. This population is well studied (Gall
etal., 2011a, 2011b; Hanifin et al., 1999, 2002, 2003), and includes the most toxic known
newts; a single individual may contain up to 28 mg of tetrodotoxin (Ch. 4), which is the

oral lethal dose for as many as 56 humans (Yasumoto and Yotsu-Yamashita, 1996).
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After collection, newts were immediately transported to Utah State University where they
were housed in 5.7-L containers with 2 L of filtered tap water. Each female was housed
in an environmental chamber at 17°C and injected with 2 ul/g LHRH (de-Gly10, [d-
His(Bzl)6]-Luteinizing Hormone Releasing Hormone Ethylamide; Sigma #12761) to
stimulate egg deposition. In nature Taricha granulosa deposit eggs singly on aquatic
vegetation over several weeks (Petranka, 1998). In the lab, each female was provided
with a small clump of polyester fiber to serve as an oviposition site. This substrate is
readily accepted as an oviposition site by newts. A small subset of eggs from each
female was collected less than 48 hrs after deposition and frozen at -80°C for TTX
quantification. The mass of each egg was recorded prior to freezing (2011 & 2012) or
after freezing (2009 & 2010). To account for a change in mass due to freezing, 20 eggs
that were weighed prior to freezing were thawed and re-weighed. The change in mass
was calculated for each of these re-weighed eggs and the mean change (-7.18%) was
added to each egg collected in 2009 and 2010. These adjusted values were used in all
analyses.

After a female had deposited all of the eggs from this initial clutch (approximately
3 weeks) the polyester fiber was removed and a small piece of foam was placed in the
container to provide a terrestrial refuge. Females were provided blackworms
(Lumbriculus variegatus) weekly, which were rarely supplemented with earthworms
(suborder: Lumbricina). Neither blackworms (Gall et al., 2011b), nor earthworms (ANS,

unpublished data) possess TTX. Although we did not standardize the amount of food
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given to each female, only rarely were all the blackworms consumed within one week
and we therefore assume newts had continuous access to food.

To examine TTX levels in newt eggs after an extended period in captivity, eggs
were sampled from these captive females after one, two, and three years in the lab.
Females were maintained at 17°C until mid-December at which point the temperature
was slowly dropped to 8°C. Newts were maintained at this temperature until early-
February, whereupon the temperature was slowly increased to 17°C. Each female was
then placed in a 75 L tank with a recently collected male newt that was in reproductive
condition. The pair was observed for 72 hrs for signs of amplexus and mating, at which
point the female was removed and injected with 2 ul/g LHRH. A small amount of
polyester fiber was then added to the container to serve as an oviposition site. A small
subset of eggs was frozen for TTX analysis and the husbandry process was repeated (as
described above). Females were maintained in this manner for two or three years after

initially being collected.

Tetrodotoxin Quantification

Frozen egg samples were extracted for analysis using previously described
techniques (Hanifin et al., 2002). Tetrodotoxin was quantified using a Competitive
Inhibition Enzymatic Immunoassay (CIEIA) as in Stokes et al. (2012; Ch. 2). This assay
is highly specific and works by binding anti-TTX monoclonal antibodies to TTX. In the
absence of TTX or in low concentrations of TTX, the antibodies bind to the conjugate on
the plate allowing secondary antibodies to also bind to the plate, resulting in a high

absorbance reading. This value is then used to calculate the TTX concentration using a



30
linear standard curve. The assay is able to detect TTX at a minimum concentration of 10
ng/mL, and has a linear range of 10-500 ng/mL (Stokes et al., 2012; Ch. 2). All samples
were diluted 1:2, 1:4, 1:8, 1:16, or 1:32 in Bovine Serum Albumin (BSA) to assure they
were within the linear range of the standard curve. All plates were read at 405 nm. The
average coefficient of variation on each plate was between 5.04 and 11.09%. This
immunoassay has been proven useful in quantifying TTX in newts of the genus Taricha
(Ch. 4), and has yielded concentrations within the expected range of newts quantified

using HPLC previously (this study; unpublished data).

Statistical Analysis

We used repeated-measures ANOVA to examine for changes in the total egg
toxicity, TTX concentration (ng TTX/mg mass), and egg mass among the four years.
Female was treated as a random factor while year was treated as a fixed effect. We fit the
model to multiple covariance structures and choose the most appropriate model based on
the lowest AIC value (total TTX: autoregressive moving average; TTX concentration:
autoregressive; egg mass: autoregressive). Assumptions of normality and
homoscedasticity were assessed with graphical analysis of residuals; all assumptions
appeared to be adequately met for all response variables. A Kendall’s tau rank
correlation was used to determine if total TTX, TTX concentration, and egg mass were
consistent between females across years. Year three of captivity was excluded from this
analysis because only 2 females deposited eggs, which did not permit a complete
assignment of ranks. Analyses were obtained using the PROC MIXED procedure in SAS

9.1 (SAS Institute Inc., Cary, NC, USA).
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RESULTS

The amount of Tetrodotoxin in newt eggs varied significantly across years, with
total TTX (per egg) and TTX concentration (ng TTX/mg egg mass) declining between
the first clutch collected from wild-caught females (W) and subsequent clutches in the lab
(total TTX: F3,151=32.7, P <0.0001, Fig 1a; TTX conc: F3,151 = 34.8, P <0.0001, Fig
3.1b). There was no significant difference in total TTX or TTX concentration among the
first, second, and third years in the lab. Despite declining after the initial clutch, newts
continued to produce eggs containing large quantities of TTX in all years in captivity (Fig
3.1). There was no significant correlation between total TTX and year (Kendall’s tau =
0.356, P > 0.25) or TTX concentration and year (Kendall’s tau = 0.321, P > 0.25)
indicating that the females did not produce eggs that were consistently the same toxicity
across years (i.e. the most toxic females did not necessarily produce the most toxic eggs
in all three years).

The decline in TTX within newt eggs after being collected from the wild can not
be accounted for by a reduction in egg mass between this first year and subsequent years
in captivity. The average mass of newt eggs remained constant among years (F[315) =
2.15,P=0.136, Fig. 3.2). There was no correlation between egg mass and year
(Kendall’s tau = 0.183, P > 0.75) indicating that the mass of a females eggs was variable

across years (Fig 3.2).
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Figure 3.1. Mean total TTX (A) and TTX concentration (ng TTX/mg egg mass) (B)
present in eggs from eight different female Taricha granulosa. A sample of eggs was
taken immediately after collection from these wild-caught females (W), and after one,
two, and three years in captivity. There was a significant decline in total TTX (F(3,15; =
32.7,P <0.0001) and TTX concentration (Fj315) = 34.8, P <0.0001) after the first year in
captivity, yet substantial quantities of toxin were present and remained relatively constant
in the following three years.
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Figure 3.2. Mean (+SE) mass (mg) of eggs from eight female newts (Taricha granulosa)
from initial collection in the wild (W) through three additional years in captivity. There
was no significant change in egg mass between years (F3 157 =2.15, P = 0.136).

DISCUSSION

Female newts continued to produce toxic eggs for up to three years in the
laboratory, despite being exclusively fed a TTX-free diet. Although the amount of toxin
in the eggs declined after the initial clutch was collected, each individual female
continued to produce eggs with quantities of TTX that fall within (or slightly below) the
naturally occurring range for this population (Hanifin et al., 2003). Given that newts
reared in captivity maintain TTX over long periods of time (Hanifin et al., 2002) and are
capable of replenishing depleted TTX stores (Cardall et al., 2004), these results are not
entirely surprising. It is unknown whether our females synthesized or sequestered their
own toxin or mobilized it from another area, such as the skin. Cardall et al. (2004)

demonstrated that newts fed a TTX-free diet regenerated an average of 0.76 mg of skin
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toxin in nine months in the laboratory (Fig 3.3). This replenishment of TTX in the skin
was independent of sex, indicating that the newts were not mobilizing TTX from other
tissues and transferring it to the skin (Cardall et al., 2004); other than the skin, the only
tissues that contain substantial quantities of TTX are the ovaries in females, which are not
available as a source of TTX to males (Hanifin et al., 2004; Wakely et al., 1966). Based
on a clutch size of 525 eggs (Hanifin et al. (2003) reported clutch sizes of 400 — 655 eggs
from newts from our study site), the females in this study provisioned their entire clutch
with an average total of 0.34 mg of TTX (Fig. 3.3). This quantity of toxin, provisioned
during years one, two, and three of this study, is slightly less than, but not significantly
different from the amount of toxin regenerated in the skin of newts as demonstrated by
Cardall et al. (2004) (Mann-Whitney: U =223, P =0.25, Fig. 3.3). These results suggest
that females may develop/sequester new toxin rather than transfer it out of the skin.

One major question that remains is why egg toxicity declines after the first year?
We hypothesized that the decrease in TTX observed in this study was due to a decrease in
egg mass. However, we documented no change in egg mass between clutches (mean egg
mass actually increased very slightly) indicating the decline in TTX is not a result of
producing smaller eggs. Moreover, the allocation of TTX in newt eggs is under active
maternal control and the amount of toxin in each egg is independent of egg volume
(Hanifin et al., 2003). More likely, the decrease in egg toxicity is due to the abbreviated
reproductive cycle to which these captive newts were subjected. In the wild, female
newts do not breed for the first time until six to eight years of age (Petranka, 1998; Twitty

1961, 1966). Eggs are deposited singly over a period of several weeks or months
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(Nussbaum et al., 1983; Petranka, 1998), and females eventually leave the pond to
overwinter. Twitty (1966) conducted an extensive mark-recapture study on 5587 female
Taricha. He found that although some individuals breed in successive years
(approximately 1.4%), the vast majority of females do not return to breed again for at
least two or three years (Twitty, 1966). This extended non-reproductive period may be
necessary to acquire sufficient resources to produce eggs or to obtain large quantities of
TTX with which to endow their eggs. We hypothesize that the synthesis or sequestration
of TTX in newts may be time-limited.

Few studies have attempted to monitor temporal patterns of TTX production in
other taxa. Another amphibian, a frog of the genus Atelopus, maintained a high level of
TTX for more than three years in captivity (Yotsu-Yamashita et al., 1992). Puffer fish
may contain large quantities of TTX in the skin, liver, and ovaries, and although cultured
individuals have little or no TTX (Ji et al., 2011; Matsumura, 1996; Noguchi et al., 2006;
Sasaki et al., 2008), no studies have monitored the toxicity of individuals or their egg
clutches over time. Unlike temporal patterns, our understanding of the ontogenetic
changes in toxicity during early developmental stages is slowly advancing. Tetrodotoxin
toxicity appears to increase during embryonic development in one species of puffer fish
(Fugu niphobles), as well as the blue-ringed octopus (Williams et al., 2010b). Nunez-
Vazquez et al. (2012) examined the toxicity of multiple life-history stages in a cultured
Mexican puffer fish and found very small quantities of TTX in juveniles, pre-adults, and
adults. No TTX was identified in eggs, larvae, or post-larvae (Nunez-Vazquez et al.,

2012).
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Figure 3.3. Comparison of the mean (+SE) amount of TTX regenerated in the skin of
adult newts (Taricha granulosa) over 9 months (Skin) versus the estimated mean (+SE)
amount of TTX provisioned by eight female newts in an entire clutch of 525 eggs (Eggs).
Regenerated skin TTX was calculated by estimating whole-body TTX from raw data in
Cardall et al. (2004) and subtracting post-stimulus TTX from final TTX. An estimate of
the total TTX provisioned in a clutch of eggs for each female reared in captivity was
calculated by multiplying the average egg toxicity from years one, two, and three for each
female by 525 [the average number of eggs produced by females from our study site
(Hanifin et al. 2003)]. These values were then averaged to obtain an estimate of the
amount of TTX (£SE) provisioned in an entire clutch of eggs in the laboratory. In both
studies (Cardall et al. 2004, this study) the newts were fed a TTX-free diet. There is no
significant difference between the amount of TTX regenerated in the skin and the amount
of TTX provisioned in a clutch of eggs by newts in the laboratory (Mann-Whitney: U =
223, P =0.25).

The complexity of TTX production in these diverse taxa may be related to the
pattern of TTX biogenesis observed in each group. Several groups of marine bacteria
have been identified that produce TTX in vitro (Simidu et al., 1987), and some of these
bacteria have been isolated from the tissues of TTX-bearing marine organisms (Wu et al.,

2005; Yu et al., 2004). The prevailing hypotheses for TTX toxicity in marine organisms

are dietary sequestration through the food chain or symbiotic bacteria (see review in
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Williams, 2010). However, tetrodotoxin production in amphibians is more controversial.
Wild-caught adult Atelopus sp. possess TTX (Kim et al., 1975, 2003; Yotsu-Yamashita
and Tateki, 2010), yet two Atelopus varius reared from eggs in captivity did not possess
TTX after 2 and 3 years, respectively (Daly et al., 1997). Nevertheless, Daly et al. (1997)
questioned the dietary and bacteria hypotheses in Atelopus sp. that overlap in distribution
and habitat characteristics yet possess different TTX congeners (Daly, 2004).

In newts, evidence is mounting that bacteria and dietary sequestration may not be
involved in TTX production. The eggs of Cynops pyrrhogaster are provisioned with
small quantities of TTX, which disappears during development (Tsuruda et al., 2002).
The larvae are non-toxic, but toxicity begins to increase during the juvenile stage when
the granular glands are forming (Tsuruda et al., 2002); the authors did not indicate if
these newts were reared in the lab or wild-caught. The bacteria hypothesis in newts was
questioned by Lehman et al. (2004) who found bacterial DNA in the intestines of newts
(which contain very little TTX), but failed to find evidence for bacteria in extracts from
the most toxic tissues. Additionally, when newts are maintained in captivity and fed a
diet that does not include TTX, individuals maintain skin toxicity over long periods
(Hanifin et al., 2002), continue producing toxic eggs (this study), and rapidly regenerate
TTX after electrical stimulation (Cardall et al., 2004).

Because the metabolic pathway by which bacteria, marine organisms, and
terrestrial vertebrates produce TTX is unknown, the mechanism by which toxicity is
acquired in TTX-bearing organisms remains obscure. Understanding this mechanism

requires analyses of ontogenetic and within-individual changes in TTX in wild and
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captive populations. The study presented here provides further evidence that TTX
toxicity in newts is likely of endogenous origin, and adds to the growing body of
literature that suggests newts may be able to directly synthesize TTX due to the large

quantities produced in relatively short time-frames and under simple, TTX-free, diets.
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CHAPTER 4
OTTER PREDATION ON TARICHA GRANULOSA AND VARIATION IN

TETRODOTOXIN LEVELS WITH ELEVATION

Tetrodotoxin (TTX) is a low molecular weight neurotoxin that is found in a wide
variety of taxa. TTX blocks voltage-gated sodium channels, preventing the propagation
of action potentials inducing paralysis in susceptible animals. Taricha granulosa have
been documented to possess TTX in high quantities and only have one positively
identified major predator, Thamnophis sirtalis. However, recent observations of
predation events on 7. granulosa by otters were documented in a high elevation
population just outside of Crater Lake National Park in Oregon. We quantified TTX
levels in this population as well as three other populations within Crater Lake National
Park using a Competitive Inhibition Enzymatic Immunoassay. We further compared
these high elevation populations to a known high toxicity population from Benton County
Oregon. We found that the populations within Crater Lake have lower levels of TTX
relative to populations outside of the lake, and that all high elevation locations have
relatively low levels of TTX. We then analyzed previously published whole newt TTX
levels and elevation, and found that there is a significant negative relationship. However,
there is a non-significant relationship between whole newt TTX levels and elevation

when examining elevations below 300 m.
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INTRODUCTION

Tetrodotoxin (TTX) is one of the most potent neurotoxins known (e.g. Brodie
1968; Brodie et al. 1974; Hanifin et al. 1999; Mosher et al. 1964; Wakely et al. 1966).
Tetrodotoxin acts by blocking voltage-gated sodium channels in nerve and muscle
tissues, thereby preventing propagation of action potentials (Narahashi et al. 1967). A
fatal dose of TTX is usually between 0.5 — 2 mg for an adult human (Yasumoto and
Yotsu-Yamashita 1996), and death usually occurs due to paralysis of the diaphragm and
asphyxiation (Brodie 1968). TTX is unusual in that it is found in a wide array of taxa
from marine bacterial species to terrestrial vertebrates (Chau et al. 2011; as reviewed by
Miyazawa and Noguchi 2001). One of the most well studied TTX-bearing species is the
rough-skinned newt, Taricha granulosa (e.g. Brodie 1968; Daly et al. 1987; Hanifin et al.
1999; Mosher et al. 1964; Wakely et al. 1966).

The only well documented predators of adult 7. granulosa are snakes of the genus
Thamnophis (Brodie and Brodie 1990, 1991). These two species are involved in a
coevolutionary arms race with reciprocal selection acting upon toxicity in newts and
resistance in snakes (Brodie and Brodie 1990, 1991; Hanifin et al. 2008). Populations of
Thamnophine snakes that are sympatric with newts have evolved varying levels of
resistance to TTX via amino acid changes in the pore region of voltage-gated sodium
channel (Feldman et al. 2009, 2012; Geffeney et al. 2002, 2005). These adaptations
allow snake predation on newts when the predators are resistant enough to tolerate the

toxin load present in the local newt population (Hanifin et al. 2008).



46

Early experiments using 7. granulosa have shown that TTX is lethal to nearly
every potential predator (Brodie 1968), and mortality has been documented following
predation attempts on 7aricha in several species of birds (Mobley and Stidham 2000;
Pimentel 1952; Storm 1948). However, there are some more recent examples of
successful predation on newts. Great blue herons in northern California have been
observed eating newts with no apparent ill effects (Fellers et al. 2008). Additionally, a
population of newts in Santa Rosa, CA has been heavily preyed upon over many years
(Stokes et al. 2011). In this case, the predator (never positively identified) circumvents
the toxin in the skin by eviscerating the newts and only eating the internal organs.

Here we present a new instance of predation on newts by river otters (Lontra
canadensis) at Lake in the Woods, a small, high altitude lake in Douglas County, Oregon.
On August 6, 2007 we observed an otter (L. canadensis) eating more than one 7.
granulosa. On October 27-28, 2007 one adult and two juvenile otters were observed
eating approximately 20 salamanders in one day. The otters were eating both 7.
granulosa and Ambystoma gracile (Fig. 4.1). At no time did any of the otters display any
signs or symptoms of TTX intoxication. River otters are opportunistic predators (Kruuk
2006; Melquist et al. 2003), and their diets change depending on the season and
availability of food sources (Melquist et al. 2003). In addition to a diet consisting mostly
of fish, they have been documented feeding on several amphibian species including
Pacific giant salamanders (Dicamptadon aterrimus), two-toed amphiumas (Amphiuma
means), and several frog species (Ranidae). The observation of otters eating toxic prey

like Taricha granulosa can lead to one of two immediate hypotheses: either the newts in
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that locality have little to no TTX, or the otters are resistant to TTX in some way. We
investigated the apparent success of this predation event by testing TTX levels in Taricha
granulosa from the Lake in the Woods population. Furthermore, we tested TTX levels in
nearby high elevation lakes just outside of and within Crater Lake National Park and
compared them to a well-known high toxicity population from Benton County, Oregon.
Given these results, we explored the relationship between elevation of each population
and whole newt TTX levels using our dataset and previously published whole newt TTX

level data.

Fig. 4.1 Lontra canadensis feeding on Taricha granulosa (a and b) and Ambystoma
gracile (c and d) at Lake in the Woods, Oregon
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METHODS

Animal Collection/Care

Newts were collected from four populations including Skell Channel (n=19,
Klamath County), Phantom Ship (n=5, Klamath County), Spruce Lake (n=19, Klamath
County), and Lake in the Woods (n=6, Douglas County), Oregon by hand or using
minnow traps (Fig. 4.2). Two of these locations (Spruce Lake and Lake in the Woods)
are high elevation lakes outside of Crater Lake, while two (Skell Channel and Phantom
Ship) are locations within Crater Lake itself. Thirty-four newts were also collected from
Soap Creek ponds in Benton County, Oregon by hand. All newts were transported back
to Utah State University, and housed in 5.7-L containers with 2 L carbon-filtered water in
an environmental chamber at 6°C. Newts from the high elevation sites were later
euthanized with ms222 and skin punches were taken following the methods of Hanifin et
al. (2002) for TTX quantification. Newts from Benton County were anesthetized using
1% ms222 to take skin punches, but were not euthanized and used in subsequent

experiments.

TTX Quantification

TTX was extracted from skin tissues using the methods of Hanifin et al. (2002).
Quantification of TTX was done using a Competitive Inhibition Enzymatic Immunoassay
as in Stokes et al. (2012; Ch. 2). We used the linear range of the standard curve, which
was between 10 and 500 ng/mL. The minimum level of detection in this assay is 10

ng/mL. Values less than 10 ng/mL are referred to as below detectable limits (BDL) and
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considered as zero in our analyses. Newt samples from high elevation sites were not
diluted and run against standards diluted in acetic acid. Newt samples from Soap Creek
were diluted 1:120, 1:300, 1:500, 1:800 or 1:1000 in a 1% Bovine Serum Albumin-PBS
solution (BSA) to get them within the linear range of the standard curve. These samples
were run against standards diluted in BSA. The average coefficient of variation on each
plate was between 4.72 and 7.03%. Whole newt TTX was calculated using the methods

of Hanifin et al. (2004).

Elevation Data

Mean whole newt TTX levels for several populations throughout Oregon were
obtained from Hanifin et al. (2008), Ridenhour (2004), and the present study. The
average whole newt TTX levels from this study, rather than from previous studies, for
Benton County were used in these analyses. We determined the elevation of each
collection site for each population by entering latitude and longitude coordinates into

Google Earth and National Geographic Topo! software (Version 4.2.8, 2000).

Statistical Analyses

Comparisons of newt TTX levels among populations in the current study were
done using non-parametric Wilcoxon/Kruskal-Wallis tests. This was followed with
Wilcoxon comparisons for each pair. The relationship between log-transformed
elevation and mean population TTX concentrations for populations < 265 m were
examined using linear regression. We used studentized residuals to help identify outlier

populations following the principle that residuals exceeding = 2 may be considered
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“discrepant observations” and should be evaluated as possible outliers (Fox 1991).
Finally, we binned newt populations by 500 m elevation cohorts and compared log-
transformed mean population TTX levels from the current and previous studies using
one-way analysis of variance and a Tukey HSD test to control for all pairwise
comparisons. Analyses were performed using JMP 9 (SAS Institute, Inc) or using the

regression wizard feature in SigmaPlot v 10.0 (Systat Software, Inc.).

Fig. 4.2 Map of the four high elevation locations in Oregon where Taricha granulosa
were collected. Note that Lontra canadensis predation was observed at Lake in the
Woods
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RESULTS

Each of the high elevation populations had newts with some TTX, though with
very low concentrations (Fig. 4.3). Individuals from Soap Creek have over 1000 times
more TTX on average than any of the high elevation populations (P <0.001). There were
significant differences in TTX concentrations between several of the populations (Table
4.1). Pairwise comparisons indicated that those populations outside of Crater Lake (Soap
Creek, Lake in the Woods, and Spruce Lake) had significantly greater levels of TTX
relative to populations within Crater Lake. No differences in TTX levels were detected
between Spruce Lake and Lake in the Woods populations (outside Crater Lake) and Skell
Channel and Phantom Ship (inside Crater Lake) populations.

The empirical relationship between mean whole body population TTX (mg) and
elevation is shown in Fig. 4.4a. The majority (65%) of sampled populations occupied
sites at elevations < approximately 265 m (Fig. 4.4a hatched box). In addition, there is a
relatively large gap in the elevational distribution of sampled populations between sites
located at <265 m and populations sampled from sites > 700 m. A t-test comparing the
populations <265 m and > 700 m was highly significant (P <0.001). However, the lack
of sites within the mid elevation range limits our ability to mathematically describe the
relationship between elevation and TTX using a single continuous function. For this
reason, we restricted our analysis to the 15 populations sampled from sites located at
elevations < 265 m and showing measurable concentrations of whole body TTX (Fig.
4.4b). From this restricted analysis, we show that the relationship between elevation and

mean population TTX is weakly positive but not significant (P = 0.209). Even if we
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remove populations from sites that appear to be outliers (e.g., studentized residuals that
exceed | 2 | and circled on Fig. 4.4b) the resulting regression equation is still not
significant (P = 0.093). The results emphasize that below 250 m, there are no statistical
trends in TTX levels that can be explained by elevation alone. Finally, when populations
are binned into 500 m elevation cohorts, it is apparent that populations below 500 m have

significantly higher mean whole body toxicity levels than populations occupying sites

above 1,000 m (Fig. 4.4b; P =0.002, F = 7.309).
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Fig. 4.3 Total whole body TTX (mg) for each individual newt (Taricha granulosa) at
each of five populations in western Oregon. Population labels are abbreviated as follows:
SK= Skell Channel (N = 19; mean = 0.00049 mg; SEM = 0.00018); SL= Spruce Lake (N
=19; mean = 0.00819 mg; SEM = 0.00279); PS= Phantom Ship (N = 5; mean = 0.00053;
SEM = 0.00016); LW= Lake in the Woods (N = 6; mean = 0.00819; SEM = 0.00064);
SC= Soap Creek (N = 34; mean = 8.55110; SEM = 1.15029). Note that the scale of the
y-axis changes beyond the break
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Table 4.1 Results from Wilcoxon pairwise comparisons for high elevation populations.
Stars indicate significant differences. Populations are abbreviated as follows: SL =

Spruce Lake; SK = Skell Channel; PS = Phantom Ship; LW = Lake in the Woods.
Populations with “+” superscript indicates that they are within Crater Lake

Comparison Score Mean | Standard Error V4 P-value
Difference Difference
SL to SK* 15.2632 3.493339 4.36922 <0.0001*
SL to PS” 8.5895 3.551001 2.41889 0.0156*
SL to LW 3.1798 3.445880 0.92279 0.3561
SK"to PS" -2.6526 3.183194 -0.83332 0.4047
PS" to LW -5.3167 2.008316 -2.64733 0.0081*
SK'to LW -10.4167 3.196192 -3.25909 0.0011*
DISCUSSION

Newts from the high elevation regions of Oregon outside of Crater Lake ranged
from BDL to 0.042 mg of TTX, while newts within Crater Lake ranged from BDL to
0.00214 mg of TTX. The toxicity levels of newts in the high elevation lakes are low
enough that otters, and possibly other predators (e.g. fish; Swanson et al. 2000), likely
can eat at least some individuals with very few, if any, side effects. Many predators of
toxic prey are able to circumvent the harmful toxin(s) either through changes in behavior
(Williams et al. 2003), including development of novel predation strategies (Stokes et al.
2011), or adaptation to the toxin itself (Feldman et al. 2012; Geffeney et al. 2002, 2005;
Phillips and Shine 2006). Garter snakes have been shown to “taste” and subsequently
reject newts that are excessively toxic (Williams et al. 2003). It is possible that although
we did not observe otters rejecting prey, they may also be able to determine whether or

not a newt is safe to eat by “tasting” the newt and rejecting ones that are too toxic.
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Fig. 4.4 Relationship between elevation and TTX levels across populations from Hanifin
et al (2008), Ridenhour (2004), and the present study. (a) The empirical relationship
between mean whole body population TTX (mg) and elevation, with the majority of
sample sites highlighted with the hatched box. (b) Regression analysis of populations
below 265 m (n = 15); circles represent outliers that were removed to confirm the
analysis. (c) Comparison of binned data in 500 m cohorts



55

Hanifin et al. (2008) showed that TTX levels vary greatly both within and
between populations of rough-skinned newts along the Pacific coast of North America.
Specifically, within Oregon they found that newts from the Benton County area of
Oregon have very high levels of TTX with a mean of 4.695 mg of TTX. Our results
nearly doubled this previously reported mean. Furthermore, Hanifin and colleagues
(2008) measured TTX levels in newts from Parsnip Lakes (Jackson Co.) and Scott Lake
(Lane Co.), Oregon that were each above 1,200 m in elevation. Both locations were
found to have very low average levels of TTX with means of 0.002 and 0.000 mg of
TTX, respectively. All other populations from Oregon that were measured in that study
were below 300 m, and the lowest mean was 0.787 mg TTX. Similarly, Ridenhour
(2004) demonstrated that newts at lower elevations tend to have higher levels of TTX
than those at higher elevations. In this study, newts at elevations below 300 m ranged in
mean TTX levels from 0.197 to 4.695 mg. Elevations above 300 m had relatively low
TTX levels that ranged from 0.025 to 0.776 mg TTX.

It seems possible that the apparent differences in TTX levels in newts from high
elevations versus those in lower elevations may be due to relaxed selection from a low
abundance of predators. It has been shown that reptile diversity on elevational gradients
is most greatly correlated with temperature (McCain 2010). Therefore, snake diversity
generally decreases with increasing elevation, and this effect is stronger on wetter
mountains that drier mountains. However, Thamnophis sirtalis are not uncommon to
Crater Lake National Park, and are often found on the lakeshore among other areas

(Farner et al. 1953). The elevation on the shore of the lake is approximately 1900 m or
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more. Without a detailed measure of relative abundance of snakes in this area, it is
unclear how selective pressures may be altered by elevation in these systems.
Furthermore, from the present study, it is clear that other predators are likely to impact
selection on newt toxin levels.

The newts from Crater Lake are in contrast to those from Soap Creek, which are
some of the most toxic individuals sampled. The most toxic individual in Soap Creek
contained 28 mg of TTX (enough to kill up to 56 humans (Yasumoto and Yotsu-
Yamashita 1996)). In contrast, the least toxic populations, such as these high elevation
populations, have large numbers of individuals that lack detectable levels of TTX. Soap
Creek newts are also one of the best examples of variation within a population of newts
known to date, ranging from no detectable TTX (Williams et al. 2004) to 28 mg of TTX
(present study). Interestingly, the newts within Crater Lake have significantly lower
levels of TTX than the populations outside of Crater Lake. We do not yet have
conclusive evidence that indicates whether or not production of TTX is endogenous or
exogenous (reviewed by Miyazawa and Noguchi 2001). However, studies done thus far
on Taricha granulosa suggest that TTX may be of endogenous origins (Cardall et al.
2004; Hanifin et al. 2002; Lehman et al. 2004). At this time it is not possible to
definitively discern whether the variation between the populations inside Crater Lake and
those outside of the lake is due to genetic isolation or dietary differences. This latter point
is particularly important to consider, because low productivity in an ultraoligotrophic lake
like Crater Lake may limit energy available for the endogenous production of TTX.

Given the lack of evidence for exogenous production of TTX in 7. granulosa,
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however, it can be hypothesized that the variation seen within and between populations
may be important to the evolution of this toxin since variation is required for selection to
act upon a trait (Fisher 1930). Rough-skinned newts and garter snakes have been one of
the most well studied examples of a coevolutionary arms race between predators and
their prey (e.g. Brodie and Brodie 1990, 1991; Feldman et al. 2009, 2012; Geffeney et al.
2002, 2005; Hanifin et al. 2008; Williams et al. 2003). Recent work, however, has shown
that the evolution of TTX in these newts may be more complicated than a simple two
species system. There has been work showing that caddisfly larvae are capable of eating
newt eggs, potentially influencing TTX concentrations at a very early life history stage
(Gall et al. 2011). Additionally, the evidence in this study and elsewhere (Fellers et al.
2008, Stokes et al. 2011) indicate that garter snakes are not the only predators of rough-
skinned newts. Especially in newt populations with low toxicity, novel predators such as
river otters have the potential to put selective pressure on these populations of newts,

favoring increased levels of TTX.
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CHAPTER 5
THE FIRST KNOWN CASE OF TETRODOTOXIN IN A TERRESTRIAL
INVERTEBRATE: TERRESTRIAL FLATWORMS BIPALIUM ADVENTITIUM AND

BIPALIUM KEWENSE

Tetrodotoxin (TTX) is a potent low molecular weight neurotoxin. It acts by
blocking the pore region of voltage-gated sodium channels, inducing paralysis. Though
TTX has been documented in a large number of marine invertebrate groups, it has never
before been documented in a terrestrial invertebrate. Here, we show that TTX is present
in two species of terrestrial flatworm (Bipalium adventitium and Bipalium kewense).
Further, we provide evidence that TTX is used both during predation and defensively in

these two species, and that the egg capsules of B. adventitium also have TTX.

INTRODUCTION

Chemical defenses are common throughout the natural world. Within predator-
prey systems chemical toxins may be used either defensively (to prevent predation) or
during predation (to subdue and/or kill prey) (Eisner and Meinwald 1995). It has long
been documented in the literature that the terrestrial flatworms Bipalium kewense and B.
adventitium appear to use a toxin to aid in subduing large earthworm prey items (Dindal
1970; Ogren 1995; Ducey et al. 1999; Zaborski 2002). Bipalium adventitium has been
found to attack earthworms 100 times their own mass, and are highly successful at killing
earthworms that are 10 times their own mass (Ducey et al. 1999). Research on B.

adventitium has also shown that they are active hunters of earthworms, capable of
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following earthworm trails in order to find their prey (Ducey et al. 1999; Fiore et al.
2004).

Feeding in these two species involves a behavior referred to as capping (Ducey et
al. 1999). When the flatworm encounters earthworm prey, the flatworm will crawl up the
earthworm’s body towards the head. The flatworm will then commence capping, which
is a behavior in which the flatworm uses its head and body to cover the anterior end of
the earthworm (Ducey et al. 1999). In some cases the flatworm will also rub its head
back and forth over this anterior section of the earthworm (personal observation). This
behavior has been found to significantly reduce the amount of movement, and ultimately
escape behavior, exhibited by the earthworm (Ducey et al. 1999). Approximately one
third to one half of the way down the body on the ventral side of the flatworm is its
mouth, which is used during both feeding and removal of waste. Shortly after capping,
the pharynx is expanded and attaches to the earthworm, releasing enzymes to externally
digest the prey. The partially digested meal is then taken up into the flatworm through
the pharynx. Earthworms will often struggle violently to escape once the flatworm’s
pharynx is expanded and attached (Dindal 1970; Ducey et al. 1999; Zaborski 2002).
However, many times following capping, and within a minute always following
expansion of the pharynx, the movements of the earthworm diminish and the earthworm
seems to be at least in a partial paralytic state (Dindal 1970; Ducey et al. 1999; Zaborski
2002, personal observation). These observations have indicated that Bipalium may have

some toxin that aids in subduing prey.
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The presence of a toxin may also be utilized for defense against predators of
Bipalium. In an effort to determine potential predators of Bipalium, Ducey et al. (1999)
performed feeding trials using various species of non-TTX bearing salamander species;
Ambystoma laterale-jeffersonianum, A. maculatum, Desmognathus fuscus, D.
ochrophaeus, Plethodon cinereus, and P. glutinosus. In all cases where contact was
made the salamanders rubbed their heads on the substrate following tongue contact or
ingestion of the flatworm. Given these observations, and the apparent paralysis in the
earthworms, we hypothesized that the toxin in question may be Tetrodotoxin (TTX).

Tetrodotoxin is a low molecular weight neurotoxin that acts by blocking voltage-
gated sodium channels in muscle and nerve tissues in many animal phyla, preventing
propagation of action potentials and resulting in paralysis (Narahashi et al. 1964; 1967).
In mammals, death often occurs in response to paralysis of the diaphragm and subsequent
asphyxiation (Brodie 1968). One of the most interesting aspects of TTX is that it is
found in a wide array of taxa ranging from bacterial species to vertebrates (Miyazawa and
Noguchi 2001; Chau et al. 2011). Though this toxin has been found in many invertebrate
species including planarians, annelids, and molluscs, to our knowledge the have included
only marine taxa. Among vertebrates, TTX is found in species of salamanders and frogs
that spend much of their lives terrestrially (Miyazawa and Noguchi 2001). However,
there have been no documented instances of TTX in a terrestrial invertebrate, making its
presence in a terrestrial Platyhelminth species exceptional.

Studies on taxa with TTX have shown that this toxin has a variety of ecological

functions, although, the defensive role of TTX has most commonly been investigated.
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This role has been widely documented in the rough skinned newt, Taricha granulosa,
which is involved in a predator-prey arms race with its snake predators (Brodie and
Brodie 1990; 1991). However, there are other documented ecological functions of TTX,
demonstrating both the offensive and defensive natures of TTX. For example, California
newt (Taricha torosa) larvae have been shown to use TTX as a predator cue for
cannibalistic conspecific adults, allowing them to change their behavior and avoid
predation (Zimmer et al. 2006). In contrast, a species of marine planocerid flatworm has
been shown to use TTX during predation in order to disable prey (Ritson-Williams et al.
2005).

In this paper we investigate the presence of TTX in B. adventitium and B.
kewense. We tested whether TTX was present, and then compared levels between the
two species. Differences between the two species could later help identify differences in
mode of production of TTX or ecological differences between the two species (i.e.
stronger selection on one than the other). Additionally, we wanted to determine the
location of TTX in the two species of Bipalium in an attempt to elucidate the ecological
function(s) in these species. It is likely that TTX is used both defensively (against
predators) and during predation (against prey) in Bipalium sp. Nevertheless, we thought
that if TTX were used primarily during predation, it would be more concentrated in one
particular area of the body. However, if TTX were used primarily in defense, it may be
more evenly distributed. We believed that TTX is likely used during predation to subdue
large earthworm prey and would be concentrated either near the head of the flatworm and

secreted during capping, or in the mouth region and secreted during digestion.
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Furthermore, we tested the egg capsules of B. adventitium (B. kewense does not generally
lay egg capsules) for the presence of TTX. If the eggs are toxic, this also provides

evidence for TTX being used as a defensive toxin in these species.

METHODS

Animal care/collection

Bipalium kewense were collected from Santa Clara County, CA and Harris
County, TX. B. adventitium were collected from Cortland County, NY and Schnectady
County, NY. Individuals were shipped to Utah State University in Logan, UT, where
they were housed prior to experimentation. Flatworms were housed individually in small
(1-L) plastic containers with pinholes punched in the lids to promote airflow, and a damp
paper towel for substrate. Flatworms were fed earthworms (Eisenia fetida, Eisenia
hortensis, and Lumbricus terrestris) that were cut into pieces about two times the weight
of the flatworm every other week. Containers were cleaned regularly with tap water.
Between feedings the substrate was sprayed with tap water periodically to keep the
environment moist. Containers were stored in larger dark plastic tubs to ensure

protection from light.

Extractions and TTX analysis

Bipalium individuals (N = 6 for each species) for whole flatworm analysis were
weighed, placed in microcentrifuge tubes and frozen at -80° C. Bipalium individuals (N
= 6 for each species) for segmented trials were cut into three portions using a scalpel.

The head portion was cut just posterior to the head in the “neck region.” The anterior



68
body portion of the flatworm was from the initial cut of the head posteriorly to the mouth.
In cases where it was difficult to see the location of the mouth, a blunt probe was gently
rubbed on the ventral side of the flatworm until some of the pharynx protruded. The
posterior body region was the remainder of the flatworm beyond the mouth. All three
segments were individually weighed, placed in labeled microcentrifuge tubes, and frozen
at -80° C. Bipalium adventitium that had arrived in the lab produced egg capsules shortly
after arrival (N = 8). These capsules were also frozen at -80° C and weighed prior to
extraction for TTX quantification.

Tetrodotoxin was extracted from flatworms using the methods of Hanifin et al.
(2002). Flatworms were homogenized in either 600 or 800 pul of 0.1 M acetic acid and
boiled for five minutes. Each sample was then centrifuged at 13,000 RPMs for 20
minutes. The supernatant was then pipetted into centrifugal filter tubes and centrifuged
in the same manner as before. All samples were stored at -80° C for quantification.
Quantification of TTX was done using a Competitive Inhibition Enzymatic Immunoassay
as in Stokes et al. (2012; Ch. 2). Standards were prepared from TTX-citrate purchased
from Abcam, and diluted in 0.1 M acetic acid to the linear range of the standard curve,
which was between 10 and 500 ng/mL. Values less than 10 ng/mL are referred to as
below detectable limits (BDL) and considered as zero in our analyses. Samples were not
diluted. The average coefficient of variation on each plate was between 4.05 — 4.51%.

Qualitative analysis and confirmation of the presence of TTX was performed
using High Performance Liquid Chromatopgraphy (HPLC) with fluorescence detection.

Protocols were largely similar to previously published methods (Cardall et al. 2004;
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Hanifin et al. 2008; Stokes et al. 2011). Separation of TTX and TTX analogs was
performed with mobile phase that consisted of 50mM ammonium acetate and 60 mM
ammonium heptafluorobutyrate buffers (pH 5.0) with 1% acetonitrile and a Synergi 4 u
Hydro-RP 80A column (4.6 X 250 mm, Phenomenex, USA) on a Beckman 126 pump
system. Samples were injected using a Beckman 508 autosampler. Post column
derivitization was achieved using a Pickering CRX 400 post column reactor set at 115 °C
in SN NaOH. Fluorescence was measured using a JASCO 1520 detector (excitation
wavelength: 365 nM, emission wavelength: 510 nm). Data acquisition and
chromatographic analysis was performed using 32K System Gold software (version 8.0)
and an SS420x A/D convertor (Agilent Technologies). Flatworm extracts were compared
to commercially sourced authentic TTX standards (see above) to confirm the presence of

authentic TTX.

Statistical analyses

For both whole flatworm and segmented flatworm samples we looked at the
overall amount of TTX in the sample (concentration), as well as the amount of TTX in
the sample relative to body weight of the flatworm or segment. Whole flatworm data did
not meet the assumptions of normality and heterogeneity, so were compared using non-
parametric Wilcoxon Kruskal Wallis tests using JMP version 10 (SAS Institute).
Segmented flatworm samples were analyzed as a split plot design with each individual
flatworm as the block, species as the whole plot factor, and segment as the subplot factor.
Data for segmented flatworms did not meet the assumptions of normality and

heterogeneity. Concentration data were square-root transformed, and data adjusted for
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body weight were log transformed to better meet these assumptions. Analyses of
segmented flatworms were performed using PROC GLIMMIX in SAS version 9.3 (SAS

Institute).

RESULTS

Both B. kewense and B. adventitium were found to have TTX (Figures 5.1, 5.2,
and 5.3). When comparing the concentrations of TTX in whole flatworms, there were no
significant differences between the two species (df = 1, P =0.4712). The mean
concentrations of each sample for B. adventitium and B. kewense were 40.10 ng/mL TTX
(SEM = 14.218, Range = BDL — 81.42 ng/mL) and 62.03 ng/mL TTX (SEM = 5.13,
Range = 50.25 — 82.71 ng/mL), respectively. This corresponded with an average of
31.11 and 44.10 ng of TTX per flatworm, respectively. Likewise, there were no
significant differences between the species in levels of TTX relative to mass for whole
flatworms (df = 1, P = 0.2980). Relative to mass, whole B. adventitium had a mean of
4.64 ng/mg TTX (SEM = 3.26, Range = BDL — 19.89 ng/mg), and B. kewense had a
mean of 3.72 ng/mg TTX (SEM = 1.22, Range = 0.73— 8.27 ng/mg).

Comparisons of segments indicated no differences between the concentrations of
TTX in the two species (F = 0.00, P = 0.9926, Figure 5.1), or between the segments (F =
2.76 P = 0.0875). There was, however, a significant interaction between species and
segment (F=3.94, P = 0.0361), due to slightly different patterns in the distribution of the
toxin. Bipalium adventitium had higher concentrations of TTX in the anterior and

posterior body regions (Figure 5.1a), however, B. kewense had a higher concentrations of
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TTX in the head (Figure 5.1b). Relative to mass, segmented B. adventitium had
significantly more TTX than did segmented B. kewense (F =4.95, df = 1, P = 0.0364).
There were also significant differences in the amount of TTX in each segment (F = 89.37,
df =2, P <0.0001, Figure 5.2), with the head having significantly more TTX than the
anterior body (t=11.57, P <0.0001) and the posterior body (t =-8.23, P <0.0001). The
anterior and posterior body segments have similar levels of TTX relative to mass (t =
1.58, P =0.2761). Unlike with concentration, there were no significant interactions
between species and segment relative to mass (F = 0.30, df =2, P = 0.7444), as both
species had similar patterns of TTX distribution in the body regions.

Bipalium adventitium eggs were also found to have TTX. With a mean of 89.73
ng of TTX total (SEM = 7.14, Range = 49.18 — 110.30) and an average of 10.56 ng
TTX/mg weight (SEM = 2.62, Range = 2.06 — 22.33).

The presence of TTX in these species was confirmed using HPLC analysis
(Figure 5.3). We compared the peaks from B. adventitium to that of a 0.0005 mg/mL
TTX standard, and the flatworm sample co-injected with the same TTX standard. The

single peak in the flatworm and in the co-injected sample indicates that this toxin is TTX.
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Figure 5.1. Concentration values (ng/mL) for each segment for (a) Bipalium adventitium
and (b) Bipalium kewense. Segments are denoted as H for head, AB for anterior body,
and PB for posterior body.
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Figure 5.2. The amount of TTX (ng) adjusted for weight of that particular body region
(mg) for (a) Bipalium adventitium and (b) Bipalium kewense. Segments are denoted as H
for head, AB for anterior body, and PB for posterior body.

Table 5.1. The amount of TTX (ng) adjusted for weight of body segment (mg) for
Bipalium adventitium and Bipalium kewense.

Bipalium adventitium

Bipalium kewense

Body Region | Mean Range SEM | Mean Range SEM

Head 33.11 14.99-62.66 7.40 | 19.96 12.28-26.98 2.34
Anterior body | 1.15 0.23-2.31 033 | 0.69 0.08-2.10 0.30
Posterior Body | 1.94 0.65-1.94 047 | 133 0.06-2.34 0.37
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Figure 5.3. Elution times and TTX profiles of an authentic TTX standard (Top),
Bipalium adventitium (middle), and B. adventitium co-injected with a TTX standard
(0.0005 mg/ml). The presence of single peak in the flatworm and co-injected sample
confirm that the TTX like toxin present in this species is authentic TTX.
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DISCUSSION

Tetrodotoxin is most well known from its presence in puffer fish of the family
Tetraodontidae, which are commonly eaten in Japan (Miyazawa and Noguchi 2001).
However, the number of species that have TTX is quite astounding, and crosses a wide
range of taxonomic groups. Although much interest in TTX has been in vertebrate
groups, there are a large number of invertebrate groups that have TTX including red
calcareous algae, dinoflagellates, and bacteria, to horseshoe crabs, blue-ringed octopuses,
and species of gastropods. Notably, there are several groups of worms that bear TTX
including annelids and flatworms (Planocera species) (Miyazawa and Noguchi 2001;
Ritson-Williams et al. 2005). Though this known distribution is wide, this study is the
first known to document the presence of TTX in any terrestrial invertebrate species.

Simply identifying the presence of TTX in a novel species has evolutionary
implications. However, understanding the ecological uses of this toxin is also very
important for understanding the evolution of TTX bearing species, and potentially the
mode of TTX production, which currently is unknown (Miyazawa and Noguchi 2001;
Chau et al. 2011).

It has been documented many times that earthworms were likely subdued with
some sort toxin due to the apparent partial paralysis exhibited by earthworms following
attack by Bipalium (Dindal 1970; Ducey et al. 1999; Zaborski 2002). These observations
support the idea that these flatworms use TTX during predation; though it is unknown
currently whether TTX is the only toxin present in these two species. Our study

demonstrates some interesting patterns regarding the distribution of TTX in these
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flatworms that may further provide support for this idea. We found that that there is a
large amount of TTX relative to mass found in the heads of these flatworms. The heads
of Bipalium kewense have been shown to be highly innervated and to possess ciliated
sensory organs (Fernandes et al. 2001), therefore, it is possible that some release of TTX
occurs from the head during capping. However, the importance of release of TTX from
the mouth during feeding cannot be ruled out during this time.

These observations certainly are not sufficient to rule out a defensive use of TTX
in these species, as well. We hypothesized that if TTX were used defensively it would be
more evenly distributed throughout the body, which it is in both species. Interestingly,
however, the pattern of distribution in terms of concentration is different between the two
species. Bipalium adventitium has more TTX in the posterior body than the head or
anterior body (Figure 5-1a), while B. kewense has more TTX in the head than the anterior
or posterior body (Figure 5-1b). None of these differences are significant individually,
but they do contribute to a significant interaction between species and body segment.

The feeding trials conducted by Ducey et al. (1999) using potential salamander
and snake predators of B. adventitium indicate that predation by these species may be
deterred in a couple of ways. First, none of the predators readily identified Bipalium as a
prey item, with 90% of the salamanders, and all of the snakes failing to strike at the
flatworms. Though there is little information regarding the native predators of these
flatworms, as they are invasive from Asia they likely have few if any predators here in
North America. Both the wild salamander species and snake species showed little

interest in eating Bipalium, however, ate both earthworms and mealworms readily.
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Secondly, many of the flatworms that were struck were rejected. Of those salamanders
that did strike at the flatworms two salamanders actually consumed the flatworms, while
seven rejected them. Those that rejected the flatworms rubbed the sides of their heads on
the substrate following contact with the flatworm, which is a common response to contact
with TTX laden prey (Brodie 1968). Repeating these trials using habituated salamanders
that were offered B. adventitium with forceps, it was found that all of the salamanders
struck, and that only three of nine rejected the flatworms (Ducey et al. 1999). Again, all
salamanders responded by rubbing their heads on the substrate and gaping their mouths at
least once. Though these trials with habituated salamanders indicate that salamanders
can eat B. adventitium without dying, it is unknown if future offerings of Bipalium would
be rejected. This indicates that TTX functions well as an antipredator mechanism for B.
adventitium, and likely functions equally well for B. kewense. The two wild salamanders
that ate the flatworms may have been offered individuals that do not have TTX as our
data in this study indicate is possible.

Further, we documented maternal investment of TTX in the egg capsules of
Bipalium adventitium. Maternal investment of toxins in young is not uncommon in the
animal world. Amphibians commonly have skin toxins, and in many cases endow their
eggs with the toxin to protect them (Akizawa et al. 1994; Hanifin et al. 2003), which is
sometimes also carried into life stages beyond the egg (Gall et al. 2011b). This type of
investment has been well documented in vertebrate species that have TTX such as puffer
fish (Kao 1966; Fuhrman et al. 1969) and the rough-skinned newt, Taricha granulosa

(Hanifin et al. 2003; Gall et al. 2012a). These newts have highly toxic eggs, which
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correlate well with the mother’s own toxicity (Hanifin et al. 2003), and TTX in these
eggs has been shown to be a very successful means of defense against invertebrate egg
predators (Gall et al. 2011a). Among TTX bearing invertebrate species it has been shown
that in the blue-ringed octopus eggs, paralarvae, and young octopuses all had TTX
(Williams et al. 2011). Further, the marine flatworm Planocera multitentaculata, also
invest TTX into their eggs, and can lay eggs that are 2-50 times more toxic than the
parent (Miyazawa et al. 1987). Our study showed that eggs contained approximately
three times the amount of TTX on average (89.73 ng TTX) as the average whole
flatworm sample (27.89 ng TTX) for the same species. However, we also show that there
is quite a bit of variation in the levels of TTX, and many of those sampled had more TTX
total than did the eggs. Each B. adventitium egg capsule may contain between one and
six flatworms, with an average of approximately three flatworms per capsule (Ducey et
al. 2005). Egg capsules sit unguarded in the soil for approximately three weeks prior to
hatching. Therefore, a defensive toxin would be helpful in warding off opportunistic
predation. However, it is as of yet unclear whether or not newly hatched flatworms also
have TTX or if the toxin is contained in the egg capsule itself, though it seems likely that
the young are also protected.

Bipalium species are of particular interest because they are invasive to North
America from various regions of Asia (Hyman 1943, 1954; Winsor 1983; Ogren 1984).
Introduced terrestrial flatworms in both North America and Europe have been studied as
potential sources of impacts on soil ecosystems (Ogren 1984; Ogren and Kawakatsu

1998; Cannon et al. 1999), and may negatively impact corresponding earthworm
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communities as has been shown in Europe (Blackshaw 1990; Boag et al. 1999; Jones et
al. 2001). However, there is not a lot known about the ecology of Bipalium species,
particularly in terms of their relationships with predators and prey. Understanding how
they interact with other organisms may aid in conservation efforts. Further, identifying
TTX bearing organisms and the uses of TTX in those species will help us to better

understand the evolution and production of TTX in such a diverse group of taxa.
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CHAPTER 6

SUMMARY

The goal of my research was to increase our knowledge of the chemical ecology
of organisms that have Tetrodotoxin (TTX). Although this toxin has been studied for a
long time, the lack of knowledge regarding the evolution, mode of production, and
biochemical pathway of TTX leaves many questions to be answered. Therefore, it is
important that we continue to understand not only the toxin itself, but also the organisms
that have TTX, and their interactions with other organisms.

In order to begin answering some of these questions (Chapter 2), I developed a
method of quantifying TTX. Though there are many means by which to quantify this
toxin (Noguchi and Mahmud 2001), most were not readily available to me, are expensive,
and not feasible within the time limitations of a PhD. Other methods such as the mouse
bioassay, are difficult to get approval from the Institutional Animal Care and Use
Committee (IACUC), and are not feasible on a large scale. In more recent years, several
labs have published Enzymatic Immunoassay (EIA) methodology for quantifying TTX
(Raybould et al. 1992; Lehman 2007; Tao et al. 2010). The benefits of using such a
technique are many, as EIA procedures are much faster, cheaper, and require less
specialized equipment than most other methods utilized to quantify TTX. However, none
of these published methods were repeatable in my own lab. Therefore, I worked to
modify and refine previously published methods to get a Competitive Inhibition
Enzymatic Immunoassay (CIEIA) procedure working. Some of the modifications that I

made included using TTX in citrate buffer rather than pure TTX, which did not work for
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making the conjugate. Tetrodotoxin is soluble at a pH of around 5, but the procedure
requires that the conjugate be prepared at a pH of about 7.4. Using TTX in citrate buffer
did not alter the efficacy of the conjugate. Further, I found that each batch of antibodies
needs to be optimized, and that using lower concentrations of both sets of antibodies
decreased the amount of nonspecific binding. Finally, I reported for the first time, that
there are temperature requirements for the incubation steps. If the lab is much below 25
°C, binding will be affected negatively. With this methodology optimized and working I

was able to move forward with my research.

Production. One of the major questions regarding TTX research is whether TTX
is produced endogenously or exogenously in organisms. Tetrodotoxin is found in a wide
array of taxa that are not closely related to one another (Miyazawa and Noguchi 2001).
Therefore, it seems difficult to understand how the organism itself might produce TTX,
lending support to the idea that TTX is of exogenous origin in most systems.
Sequestration has been documented in several taxa (Williams et al. 2004; Gall et al.
2012), and there is evidence that some species like puffer fishes only have TTX when
exposed to TTX producing prey (Noguchi et al. 2006a, b). Many of the hypotheses
regarding this question suggest that perhaps TTX producing bacterial species are
responsible (Chau et al. 2011). However, in the lab these species of bacteria do not
produce concentrations of TTX necessary to explain the levels found in species such as
puffer fish or newts (Noguchi and Arakawa 2008). Bioaccumulation, where TTX is
acquired up the food chain, then seems likely (Chau et al. 2011). However, to our

knowledge many species (in particular terrestrial species like Taricha granulosa, T.
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torosa, Bipalium adventitium (Chapter 5), B. kewense, etc.) do not eat TTX bearing prey.
Further, there is no evidence currently that Taricha granulosa has any TTX producing
bacteria (Lehman et al. 2004). Additionally, TTX stores that have been depleted have
been found to be replenished in lab reared 7. granulosa (Cardall et al. 2004).

Lab studies have been a good way of further understanding this question, as they
can be long-term and controlled. For example, Hanifin et al. (2002) found that both male
and female newts increased in TTX levels over a one-year period in the lab. Atelopus
oxyrhyncus have been shown to retain high levels of TTX for more than three years in the
lab (Yotsu-Yamashita et al. 1992). I wanted to pursue these questions further by
measuring the levels of TTX found in Taricha granulosa eggs after a long duration in
captivity (Chapter 3). Eggs were measured upon capture, and again after the first,
second, and third years in captivity. I found that after the first year in the lab, TTX levels
did decline in eggs, though egg size did not differ. However, egg TTX levels remained
constant beyond that point, only differing with the initial levels found at capture. I found
that the levels of TTX endowed in the eggs of 7. granulosa are not different from the
amount of TTX found to be replenished in other studies of newts. This suggests that
female newts may actually produce or sequester TTX rather than just moving TTX from
the skin to the eggs. I believe that the decrease in TTX levels after the first year is most
likely due to the abbreviated breeding cycle experienced in the lab. These data further
support the hypothesis that TTX is produced endogenously in 7. granulosa.

Predation. Because so many questions remain regarding TTX, it is increasingly

important to understand the broad interactions between TTX bearing taxa and both the
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biotic and abiotic environments that they encounter. Tetrodotoxin is most often viewed
as a defensive toxin; protecting prey from predators (Williams 2010). Taricha granulosa
have been well documented as utilizing TTX defensively. Potential predators have been
shown to succumb to the effects of TTX, except for Thamnophine snakes, or garter
snakes (Brodie 1968). Garter snakes have evolved resistance to TTX by genetic changes
to the shape of the pore region of their voltage-gated sodium channels (Geffeney et al.
2002, 2005; Feldman et al. 2009). Both TTX levels and resistance, however, are highly
variable on a geographic scale, leaving the door open for natural selection to act upon
both traits (Hanifin et al. 2008). However, there are a few documented cases of predation
on newts by other species. Some species have behaviors that allow them to utilize new
food sources. For example, in Annadel State Park in Santa Rosa, CA a novel unidentified
predator eviscerated 7. torosa and T. granulosa newts (Gall et al. 2011). Presumably,
this was to avoid the toxic skin and eat the nearly non-toxic internal organs. Fellers et al.
(2008) documented a great blue heron feeding on newts in northern California. For my
study (Chapter 4), otters were observed eating 7. granulosa newts in high elevation lakes
in Oregon. This is likely to be possible if the otters are resistant to TTX in some way, or
if the newts have little TTX. I found the latter to be the case. Further, I was able to show
that newts in high elevation lakes in Oregon generally have lower levels of TTX than at
lower elevations. These data provide insight into interactions that are more complicated
than previously thought. There are sources other than snakes of predation and selection

on these populations. However, other factors yet to be identified may be in play.
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Novel Taxa. ldentifying novel taxa with TTX may help us further understand the
previous two topics of production and predation. Tetrodotoxin has been found in an
increasingly large number of species ranging from bacteria to newts and frogs (Miyazawa
and Noguchi 2001). Though these species range from marine environments to terrestrial
environments, there have not been any terrestrial invertebrates identified with TTX.
However, I identified two species of terrestrial flatworm that have TTX: Bipalium
adventitium and B. kewense. Both species are invasive to North America from regions
throughout Asia (Hyman 1943, 1954; Winsor 1983; Ogren 1984), and both are prolific
hunters of earthworms (Winsor 1983; Ducey et al. 1999; Fiore et al. 2004). Previous
studies documented that earthworms often stopped moving shortly after attack by these
flatworms (Dindal 1970; Ducey et al. 1999; Zaborski 2002). This was usually attributed
to some sort of venom that the flatworms possessed, but was never identified. Beyond
identifying TTX in these two species, I wanted to understand the possible ecological
functions of TTX. I wanted to know if TTX is used defensively against predators, during
predation like a venom, or possibly both. I found that both species have TTX distributed
throughout their bodies. However, the amount of TTX/mg of body tissue is much greater
in the head than anywhere else. These two things suggest that TTX may be used both
during predation and defensively in these species. These flatworms can provide us with a
range of information regarding TTX. Flatworms have the potential to provide
information about possible routes of bioaccumulation in terrestrial vertebrate species, and

provide further information about complex interactions between predators and prey.
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Both within vertebrate and invertebrate systems, there are an array of questions
remaining that would help further our understanding of TTX and the organisms that have
the toxin. Specifically, there are many populations of newts in California that have yet to
be studied intensively. There are also many questions regarding predation and possible
sequestration that could span both vertebrate and invertebrate systems. And, finally,
there are many questions regarding the gene sequence of these TTX bearing species.

Newts in California. Most of the research regarding Taricha species and TTX has
been done on 7. granulosa in Oregon. Not as much is known about 7. torosa, T. sierrae
or T. rivularis. Though, generally these species have been found to have relatively low
levels of TTX, there is not much known about their interactions with other species, nor is
there much known about any geographic patterns in TTX levels between populations. 1
hope to better understand these three species in terms of TTX, which may help us better
understand the differences in levels found among the three.

Predation on flatworms. We have yet to clearly identify possible predators on
Bipalium species. I would like to test whether TTX bearing newt species are more
willing than non-TTX bearing salamander species to eat Bipalium. Further, I would like
to test whether or not newts that eat Bipalium acquire increased levels of TTX. Though
Bipalium are clearly not the source of TTX in newts, it will be interesting to test whether
newts can sequester the toxin from a dietary source.

Voltage-gated sodium channel genes. The mechanism of resistance to TTX in
garter snakes has been identified as amino acid changes to the gene for the pore region of

voltage-gated sodium channels in nerve and muscle tissue (Geffeney et al. 2002;
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Geffeney et al. 2005). These data have been supported with similar findings in TTX
bearing newts as well as closely related non-bearing species (Hanifin, personal
communication). However, not much work has been done in this area for invertebrate
species. I would like to pursue this question by sequencing these genes in Bipalium as
well as other species of invertebrates. Caddisflies, for example, have been shown to eat
T. granulosa eggs but the mechanism of resistance is unknown. And, it is unknown if
any potential changes present in the gene are found in all caddisflies or just in those

sympatric with newts.
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