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Abstract—We quantified the amount of the neurotoxin tetrodotoxin (TTX)
present in females and newly deposited eggs of the rough-skin favi¢ha
granulosa to examine the relationship between the toxicity of an individual
female and the toxicity of her eggs. We found high levels of TTX in individual
eggs as well as substantial variation among clutches. Variation in the amount of
TTX per egg within individual clutches was extremely low. Female skin toxic-
ity was positively correlated with the mean egg toxicity of her clutch. Neither
egg volume nor female size was significantly correlated with egg TTX levels.
Tetrodotoxin stereoisomer—analog profiles were identical for females and their
eggs. The presence of high levels of TTX in individual eggs coupled with the
relationship between levels of TTX in female skin and levels of TTX in her eggs
suggests that the TTX present in egg3 ajranulosas maternally derived. The
lack of correlation between egg size and TTX levels in individual eggs, as well
as the low levels of within clutch variation, may indicate that deposition of TTX
in eggs ofT. granulosais not linked to the deposition of other egg resources
(e.g., lipids or other yolk components).
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INTRODUCTION

The rough-skin newflaricha granulosapossesses high levels of the neurotoxin
tetrodotoxin (TTX) in its skin (Mosher et al., 1964; Wakely et al., 1966; Brodie
et al., 1974, Hanifin et al., 1999). Tetrodotoxin serves as a defensive compound
in adult newts (Brodie, 1968; Brodie et al., 1974; Daly et al., 1987). Although
this toxin is concentrated in the granular glands of the skin (Wakely et al., 1966;
Brodie et al., 1974; Tsuruda et al., 2002), it is also present in other tissues, in-
cluding ovaries, ova, and eggs (Twitty, 1937; Wakely et al., 1966). Tetrodotoxin
has also been reported in the eggs or ovaries of other TTX-bearing amphibians,
including the frogAtelopus chiriquiensi@Pavelka et al., 1977) and the salamander
Notophthalmus viridesceriBrodie et al., 1974), as well as puffer fish (Goto et al.,
1965; Mahmuda et al., 2003). Additionally, Daly et al. (1987) state that TTX is
likely present in the eggs of other frog species that possess TTX, but whose eggs
and ovarian tissues have not been examined (e.g., Atepusspp.).

The role of TTX in eggs and reproductive tissues of any species is unclear.
In puffer fish, TTX may function as a pheromone (Matsumura, 1995), possibly
explaining the high concentrations of TTX found in their ovaries. Tetrodotoxin
may serve as an antibacterial or antimycotic agent in amphibian eggs (Brodie
etal., 1974; Daly et al., 1987; but see Kim et al., 1975), but the general view is that
its primary function is as a chemical defense against egg predation (Twitty, 1966;
Daly et al., 1987). Early estimates of egg toxicityTiaricha(Mosher et al., 1964;
Wakely et al., 1966; Brodie et al., 1974) also indicate that levels of TTX present in
newt eggs are probably sufficient for TTX to play a defensive role in those eggs.
The defensive role of toxins present in eggs of other taxa has been demonstrated to
various degree&ufoeggs are lethal or unpalatable to known or potential predators
of those eggs (Licht, 1967, 1968, 1969; Brodie et al., 1978; Crossland and Alford,
1998). Eggs of the marine gastropDdlabella auriculariapossess compounds
that increase their unpalatability to possible predators (Pennings et al., 1999), and
the importance of pyrrolizidine alkaloids as a defensive mechanism in the eggs of
Utetheisa ornatrixhas been elegantly documented (Dussord et al., 1988; Eisner
and Meinwald, 1995; Eisner et al., 2000).

In many of the species that produce toxic eggs, the toxins present are either
maternally derived (Licht, 1967, 1968; Brodie et al., 1978) or, in cases where the
toxin is of exogenous origin, toxin deposition is under active maternal control
(Dussord et al., 1988; Eisner and Meinwald, 1995; Eisner et al., 2000). Brodie
et al. (1974) proposed that the TTX present in egg$. gfranulosaoriginates in
the female and is secondarily deposited in eggs. Thus, the toxin preSeamicha
eggs may be a result of maternal endowment. This maternal endowment of TTX
does not require that newts are producing their own TTX; if the ultimate origin
of TTX is exogenous, females could still control the deposition of TTX in eggs.
Extensive work in a range of taxa (includifigricha torosa has demonstrated
that variation in maternally endowed egg resources can have a significant effect on
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offspring quality (Kaplan, 1985; Sinervo, 1990, 1999; Gil et al., 1999; Komoroski
and Congdon, 2001). The primary focus of this work has been the distribution of
energetic resources in eggs and the effect that variation in resource distribution has
on offspring quality. However, Komoroski and Congdon (2001) make the point
that other maternally allocated egg components (e.g., protective chemicals such as
TTX) can affect offspring quality independently of either egg size or offspring size.
This type of differential investment of nonenergetic egg resources independent of
egg size was demonstrated in zebra finches (Gil et al., 1999) and is well docu-
mented inUtethesia ornatriXDussord et al., 1988; Eisner and Meinwald, 1995;
Eisner et al., 2000), but has not been shown in amphibians. If TTX is an important
defensive compound in eggsfgranulosaand the proximate source of egg TTX
is maternal (e.g., produced by the mother or, if the ultimate origin of TTX is exoge-
nous, sequestered by the mother), variation in maternal allocation of TTX in eggs
could have a significant effect on egg survivorship, and thus on offspring fitness.
Understanding the origin of TTX, as well as its role and the contribution
of differential maternal allocation, in the eggs Bfgranulosarequires detailed
information on levels of TTX inindividual eggs as well as the females that produced
those eggs. Previous work has demonstrated the presence of TTX in eggs (or ova)
of T. granulosandT. torosa(Mosher et al., 1964; Wakely etal., 1966; Brodie et al.,
1974), but these studies could not examine individual female toxicity or directly
measure individual egg toxicity. Nor did these studies measure variability in TTX
levels within individual clutches or variation between clutches within populations.
We measured the TTX toxicity of individudl. granulosaeggs with a known
“family structure,” (i.e., from clutches for which the female toxicity was known).
This sampling strategy allowed us to quantify the variance in TTX toxicity within
and among clutches of eggs from the same population and to evaluate some of the
possible factors important in that variance.

METHODS AND MATERIALS

Sampling.We measured the TTX levels in 6&richa granulosaeggs and
11 females from a previously studied population (Hanifin etal., 1999, 2002) located
in the central Willamette Valley (Benton County, Oregon). Gravid female newts
were collected in the spring of 2008l (= 10) and the spring of 200N = 1). Fe-
males collected in 2000 spontaneously deposited eggs, but were also injected with
10 1l LHRH (de-GIy*?, [d-His(Bzl)6]-Luteinizing Hormone Releasing Hormone
Ethylamide; Sigma #12761) to prolong egg deposition in captivity; the female
from the 2001 collection deposited eggs spontaneously. A subset of the eggs de-
posited by each female were collected within 15 hr of deposition and frozen at
—20°C. Eggs from this sample were used for toxin analysis (10 eggs each from
3 clutches, 5 eggs each from 7 clutches in 2000, and 3 eggs from a single clutch
in 2001). An additional four gravid females were collected from Benton County
in 2001. These females were euthanized and preserved in formalin. Each of these
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animals was dissected and all ova counted and used to estimate a typical Benton
County clutch size foll. granulosa

Female Morphological and Egg Measuremergg diameters were mea-
sured to the nearest 0.1 mm, using an ocular micrometer. Because previous reports
(Twitty, 1966) and preliminary observations (Hanifin, unpublished data) indicated
that TTX is concentrated in the yolk and cytoplasm of the oocyte rather than the gel
coat surrounding the egg, we measured the diameter of the oocyte rather then that
of the total egg (oocyte- gel coat). Females (except for the animal collected in
2001) were weighed and both total length (TL) and snout-vent length (SVL) were
measured. Two circular skin samples (0.2ymere removed from the dorsal mid-
body (one on either side of the vertebral column) with a human skin biopsy punch
(Acupuncho, Acuderm Inc.). This methodology allows for a high degree of accu-
racy and repeatability when measuring skin toxicity levels (Hanifin et al., 2002).

Toxin Extraction.Extracts from individual eggs were prepared by grinding
a single egg in 10@l of extraction buffer (0.1 M acetic acid). This homogenate
was mixed thoroughly and heated for 5 min in a boiling water bath. After heating,
the homogenate was cooled to°82and spun at 13,000 rpm for 20 min in a
microcentrifuge. The supernatant was removed and spun again at 13,000 rpm for
20 min in 0.5-ml Millipore centrifuge tubes (Ultrafree-MC, 10,000 NMWL filter
units). Aliquots of 20ul were used for analysis. Extracts from each skin sample
were prepared in the same manner after grinding and extracting inl&00.1 M
acetic acid using a 1-ml glass tissue grinder (Kontes). This extraction procedure
has been shown to be highly repeatable (Hanifin etal., 1999) and is not a significant
source of variance in our analysis.

TTX Assay.The levels of TTX present in our samples were quantified by
fluorometric HPLC, modified from Yasumoto and Michishita (1985) and Yotsu
et al. (1989). Separation of TTX and TTX analogs was performed on a Devel-
osil RP-Aqueous (@6 x 25 cm or 046 x 15 cm, Phenomenex, USA) reverse-
phase C30 column with a 25 mM ammonium acetate and 35 mM ammonium
heptafluorobutyrate buffer (pH 5.0) containing 1% acetonitrile run at a flow rate of
0.5 ml/min. The eluate was mixed with an aque&uN NaOH solution from an-
other pump (0.9 ml/min) and passed through an ASI 330 postcolumn reactor (1-ml
reaction chamber) heated to 2&Xo derive analogs to fluoresce. After coolingin a
10-cm water jacket, the fluorescent derivatives were detected by a Rainin Dynamax
FL-2 fluoromonitor. The excitation wavelength of the detector was set at 365 nm
and the emission wavelength was set at 510 nm. The peak areas were measured
and integrated with a Hewlett-Packard 3390a integrator. Peak area concentration
curves were calculated using standards prepared from commercial TTX (Sigma).

Statistical AnalysesAll analyses were performed using either Statview 4.02,
Super Anova (Abacus Concepts), or SAS version 8.1 (SAS Institute). We cal-
culated Pearson product—-moment correlations between female skin toxicity and
mean egg toxicity of her clutch as well as among the female size estimates (mass,
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SVL, TL) and female toxicity. These analyses did not include the female col-
lected in 2001 because morphological data were not available for that female. In
addition, we used linear regression to examine the relationship between female
skin toxicity and the mean egg toxicity of her clutch. We used a one-way analysis
of variance (ANOVA) with clutch as the factor to test for differences in toxicity
among clutches as well as differences in egg size among clutches. We used anal-
ysis of covariance (ANCOVA) with egg volume as a covariate of TTX to test for
the effect of egg volume on individual egg toxicity within and among individual
clutches.

RESULTS

The TTX levels of the 11 female newts in our study sample ranged from
0.046 to 0.487 mg TTX/ckskin (Table 1), with a mean of. 200+ 0.042 (SE)
mg TTX/cn? skin. Female toxicity was not correlated with any of the female
morphological measurements (mass, SVL, or TL) (Table 2). The stereoisomer
profile of our animals was also identical to that previously reported (Hanifin et al.,
1999, 2002) (Figure 1). Only TTX (ped¥) and its apparent equilibrium products
(tetrodonic acid (peab), 4-epiTTX (peakB), andanhydral TX (peakC)) were
present in the skin of newts from this locality.

Tetrodotoxin also was present, in remarkably high levels, in each of the eggs
assayed. The mean egg TTX per clutch ranged from 804 to 2767 ng (Table 1). The
stereoisomer profiles of eggs matched the stereoisomer profiles of adults (Figure 1).
Tetrodotoxin was present in only trace amounts in isolated gel coats of eggs.

TABLE 1. MASS, STANDARD LENGTH (SVL), TOTAL LENGTH (TL), MEAN EGG
TETRODOTOXIN PER CLUTCH, AND FEMALE SKIN TETRODOTOXIN LEVELS FOR
Taricha granulosa

Female mass (g) SVL(cm) TL(cm) #Eggs Mean TTX (ng)/eég§E TTX (mg/cnfskin)

6.21 6.5 140 N=10 13148+ 383 0.184
9.0 6.6 147 N=10 16429 + 45.0 0.182
9.0 6.6 159 N=10 8200+ 322 0.221
11.44 7.4 16.1 N= 8585+ 29.0 0.092
9.33 6.4 136 N=5 26306 + 65.9 0.190
7.13 6.6 151 N=5 27674+ 251 0.272
10.23 6.7 157 N=5 8040+ 30.1 0.058
10.48 7.1 158 N=5 6728+ 44.1 0.082
105 6.8 152 N=5 18237 +69.2 0.384
8.18 6.6 136 N=5 9675+ 545 0.046
NA NA NA N=3 2506+ 80.12 0.487

2 Morphological data were not taken for this female.
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TABLE 2. PEARSON PRODUCT-MOMENT CORRELATIONS
(0) FORFEMALE MORPHOLOGICALMEASURES ANDFEMALE
ToxICITY, MEAN EGG TTX PER CLUTCH, AND EGG VOLUME

Female P P N
Female toxicity Mass —0.17 0.65 10
SVL —-0.28 0.43 10
TL —0.006 0.99 10
Mean egg TTX/clutch Mass —0.36 0.301 10
SVL —0.50 0.140 10
TL —0.45 0.190 10
Egg volume Mass —0.51 0.136 10
SVL —0.26 0.464 10
TL -0.10 0.779 10

Mean levels of egg TTX per clutch varied significantly between clutches
(Fg.55 = 237.7, P < 0.001) (Table 1, Figure 2), and this variation was corre-
lated with female TTX levelsR = 0.69, N = 11, P = 0.019); (Figure 2). No
other factors that we measured were important correlates of egg toxicity. None of
the female size measures were correlated with mean egg TTX levels per clutch
(Table 2). Although egg volume varied significantly among clutchessd{ =
3.628 P = 0.001), this variation in egg volume was not correlated with varia-
tion of TTX levels among clutches=( 45 = 0.18, P = 0.673) or within clutches
(Fo.45 = 0.134, P = 0.999). None of the female size measures were correlated
with egg volume (Table 2). Within clutch variation in TTX levels was extremely
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FiG. 1. HPLC-FLD chromatograms of a single typical femakricha granulosafrom

Benton County, OR (left) and one of her eggs (right) showing the similarity in TTX isomer
profiles between female and egg. Note that all analogs present in the female are present in
the egg (A= TTX, B = 4-epiTTX, C= anhydroTTX, D= tetrodonic acid).
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Fic. 2. Graph of egg toxicity versus female toxicity showing a correlation between fe-
male toxicity (on thex axis) and mean egg toxicity per clutch (on thexis). Individual
clutches are represented as the mean egg toxicity (light line) with standard error bars.
The regression line: Mean Clutch TTX (MCH Female TTX3968+ 735 is significant

(Fio = 8.128 R? = 0.48, P = 0.019).

low (Table 1, Figure 2). Mean clutch size (four clutches) was 542 £5010)
eggs.

DISCUSSION

FemaleTaricha granulosawith higher levels of TTX in their dorsal skin pro-
duced eggs with higher levels of TTX. This correlation between female toxicity
and egg toxicity suggests that the TTX present.igranulosaeggs is maternally
derived and is allocated by the female. A maternal origin of TTX is further sup-
ported by the early developmental stages of the eggs we sampled. In our samples,
eggs were frozen within a short time of deposition (no later than 15 hr), and it is
unlikely that the TTX present in eggs could be synthesized by developing embryos
during that period. Additionally, levels of TTX ifi. torosaeggs and larvae are
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known to decrease as fertilized eggs develop (Twitty, 1937), indicating that new
synthesis of TTX does not occur in the eggs while the yolk is being absorbed.
Although the TTX present in eggs appears to be a result of maternal allocation,
we have no evidence for differential maternal investment of toxin. The correlation
between female toxicity and clutch toxicity may indicate that even if females are
provisioning their eggs with TTX, they may not be actively controlling the process.

The fact that larger eggs do not posses more TTX than smaller eggs is, how-
ever, suggestive that the deposition of TTX in the egg3.afranulosamay be
independent of other egg provisioning pathways and, possibly, under maternal
control. Other maternally invested resource§amichaare positively correlated
with egg size (Kaplan, 1985), while TTX is not, indicating that TTX deposition
may not be linked with the deposition of other resources. Likewise, passive dif-
fusion of TTX into eggs should result in larger eggs possessing higher levels of
TTX, yet this is not the case in eggs ®f granulosa There is a precedent for
active deposition of resources independent of egg size in zebra finches (Gil et al.,
1999), but it has not been demonstrated in salamanders. If deposition of TTX in
the eggs ofl. granulosais independent of other egg provisioning, it could allow
selection to act on the process of TTX deposition more easily and also could allow
for differential investment of TTX independent of energetic resources.

The amount of TTX presentin a single egg, or clutch, of this species is greater
than that reported for any other amphibian species in which TTX is present. The
average toxicity of a single egg from the most toxic clutch of our study population
is 2.767ug or roughly 14 Mouse Units (M.U.) (Hashimoto, 1979) of TTX per
egg. Given that the range of clutch sizes we measured in four females was 400—
655 eggs, the total amount of TTX present in a sifglgranulosaclutch might be
as high as 1.8 mg (or approximately 8000 M.U.) of TTX. This level is substantially
larger than that reported féitelopus chiriquiensisvhich possesses approximately
870 M.U. of TTX per clutch and about 2.5 M.U. of TTX per egg (Pavelka et al.,
1977). Estimates fronh. torosaare more comparable to our results (Mosher et al.,
1964; Wakely et al., 1966). Mosher et al. (1964) report that a pooled sample
of 100 kg of T. torosaeggs (13,000 clutches with a total 250,000 individual
eggs) contained 330 mg of TTX or approximately 1.320of TTX per egg, nearly
identical to the 1.31g of TTX per egg present in our median clutch. Estimates
of TTX levels in eggs of other species that posses TTX are less comparable to
our results. Brodie et al. (1974) reported that the toxicity of extracts takenTrom
rivularis ova are roughly similar to those at granulosaandT. torosa but that
extracts ofNotophtalmus viridescerma possessed roughly 1/100th the toxicity
of T. granulosaextracts. This is not surprising given that the skin from adlult
virdescends known to have substantially less toxin thatgranulosa(Brodie
et al., 1974; Yotsu-Yamashita and Mebs, 2001). The skin TTX levels of females in
our study sample were comparable to those previously reported for newts from the
Benton County locality. Our mean level of TTX.@D0+ 0.042 (SE) mg TTX/crA
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skin) is similar to that previously reported.{®9+ 0.02 (SE) mg TTX/cm skin
from Hanifin et al., 2002).

Levels of TTX in individual eggs are virtually identical within a given clutch.
It is impossible to compare within clutch variation in toxicity Tn granulosato
that of other toxin bearing amphibians because other studies have not quantified
variation within clutches. However, in insects, one species has been tested for
within clutch variation in egg toxin levels. In the mdtitheisa ornatrix low levels
of variation in within clutch toxicity are an important defensive factor for the
eggs (Eisner et al., 2000). Becausgranulosadisperses its eggs ahH ornatrix
deposits a single clutch in one place, the low levels of within clutch variation that
we see inT. granulosaare not as indicative of a defensive role for TTX in the
eggs ofT. granulosaAlthough the similarity of TTX levels within a clutch df.
granulosaeggs may not be evidence for a defensive role for TTX in the eggs, it
provides additional evidence that toxin depositiornTirgranulosaeggs may be
under some type of maternal control.

The positive correlation between female skin toxicity and egg toxicity, as well
as the apparent independence of TTX deposition from yolk deposition, raises the
intriguing possibility that adult skin toxicity might experience indirect selection. In
adult newts, the efficacy of skin TTX as a defensive compound against vertebrate
predators is well understood (Brodie, 1968). If the TTX present in the eggs of
granulosds also defensive (functioning to deter other vertebrate orinvertebrate egg
predators) then selection on egg TTX levels would generate correlated selection
on maternal toxin levels. Likewise, egg TTX levels could evolve indirectly through
the reciprocal pathway. This sort of indirect selection would occur regardless of
whether maternal deposition of TTX into eggs is active or passive, and requires
only the phenotypic correlation between maternal and egg traits to occur (Lande
and Arnold, 1983). Further ecological studies of predatio ogranulosaeggs
and adult newts are needed to understand the ecology of TTX in the edgs of
granulosaas well as understand the driving forces behind the evolution of egg
toxicity in this species.
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