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Abstract

Dendrobatid poison frogs sequester alkaloids from an arthropod diet and use them in
chemical defense. Alkaloid defenses vary considerably within and among species, with
important consequences for the protection they can and do provide against microorganisms
and predators. Most of this variation is attributed to differences in frog diet and prey avail-
ability, but emerging evidence also suggests that frogs differ in their physiological ability
to sequester alkaloids. Epibatidines are one of the most geographically and phylogeneti-
cally restricted alkaloid classes in poison frogs, having been found naturally only in two
genera of dendrobatids (Epipedobates and Ameerega) from Ecuador and northern Peru.
To test the hypothesis that the ability to sequester epibatidine is confined to the lineages
Epipedobates and Ameerega, we experimentally administered epibatidine to individuals of
five species, representing three different lineages of dendrobatid poison frogs, including
those known to possess (Epipedobates anthonyi) and lack (Ranitomeya variabilis, Rani-
tomeya imitator, Phyllobates vittatus, Dendrobates tinctorius) epibatidines in nature. All
five species sequestered epibatidine; however, the percentage sequestered varied signifi-
cantly across species with Epipedobates and Ranitomeya accumulating about 2.4X more
than Phyllobates or Dendrobates. Our results suggest that the absence of epibatidine in
certain dendrobatids is not due to the inability of these frogs to sequester epibatidine, but
may instead result from differences in prey availability and/or dietary preference. Our find-
ing of differences in the percentage of epibatidine sequestered among species points to the
importance that physiological differences in sequestration play in explaining some of the
alkaloid variation (including epibatidine) observed among dendrobatid poison frogs.
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Introduction

Alkaloids are a diverse group of organic chemicals that vary in structure, the biosynthetic
pathway by which they are produced, and pharmacological activity (Blum 1995; Cordell
1998). Often by virtue of their diverse biological effects, alkaloids afford protection against
grazers, herbivores, parasites, pathogens, and predators, and their production and use has
evolved in microorganisms, fungi, plants, and animals (Roberts and Wink 1998). The pres-
ence of these defensive alkaloids in biological communities drives myriad ecological and
evolutionary patterns (Wink 1988; Ruxton et al. 2004; Adler et al. 2006; Opitz and Miiller
2009; Trigo 2011). Most animals avoid consuming alkaloids and/or evolve mechanisms
to prevent or counter their negative physiological effects (Blum 1995; Roberts and Wink
1998). Fewer, but taxonomically diverse, animals have evolved the ability to sequester
alkaloids present in their diet and then use these chemicals to protect themselves (e.g., bee-
tles, butterflies, frogs; Briickmann et al. 2000; Nishida 2002; Pasteels and Hartmann 2004;
Saporito et al. 2012). The resulting alkaloid defenses of these consumers vary consider-
ably among and even within species, and this variation can lead to differences in protection
against predators and pathogens (Hartmann et al. 2001; Hovey et al. 2018; Lawrence et al.
2019). Two non-exclusive mechanisms might explain such among- and within-species var-
iation: (i) consumers may vary in their ability to sequester alkaloids and (ii) variation in
alkaloid defenses might reflect differences in diet and/or prey availability.

A well-studied group of animals that sequesters dietary alkaloids is the dendrobatid poi-
son frogs. More than 600 alkaloids from about 24 unique structural classes have been iden-
tified in this lineage (Daly et al. 2005; Saporito et al. 2012; Santos et al. 2016; Hovey et al.
2018; Saporito unpub data), most of which are sequestered unchanged from the mites and
ants the frogs consume (Daly et al. 2000a; Takada et al. 2005; Saporito et al. 2007a, 2009,
2015). The conspicuous coloration of these charismatic frogs is hypothesized to have co-
evolved with the alkaloid-based chemical defenses (Santos et al. 2003) that provide protec-
tion against predators and microorganisms (Mina et al. 2015, Murray et al. 2016; Schulte
et al. 2016; Bolton et al. 2017; Hovey et al. 2018; Lawrence et al. 2019, 2023). This pair-
ing of chemical defense with visual signals is hypothesized to have, in turn, driven and/or
facilitated the evolution of traits like complex parental care (Carvajal-Castro et al. 2021)
and perhaps even contributed to reproductive isolation among newly diverged lineages
(Summers and Tumulty 2014; but see Yang et al. 2016). However, alkaloid defenses dif-
fer significantly across lineages of poison frogs, which is a major hurdle to understanding
the causes and consequences of variation in chemical defense. In particular, the proximate
mechanisms underlying among-lineage differences remain largely unclear (Basham et al.
2020; Moskowitz et al. 2020; Alvarez-Buylla et al. 2022; Jeckel et al. 2022). Differences in
sequestration ability and diet are both viable hypotheses with different implications for how
we might expect defense (and its physiological underpinnings) to evolve and co-evolve
with predators and other selective pressures.

Within Dendrobatidae, alkaloid defenses are present in frogs of the tribe Dendrobatini
as well as the genera Ameerega, Epipedobates, Paruwrobates, Phyllobates, and Silversto-
neia (Santos et al. 2003; Grant et al. 2006, 2017; Santos and Cannatella 2011; Gonzalez
et al. 2021; see Fig. 1). Alkaloid richness and quantity vary considerably within and among
species, and most of this variation has been attributed to differences in frog diet and/or
prey availability (Daly et al. 1992; Saporito et al. 2007b; McGugan et al. 2016; Moskowitz
et al. 2020; Basham et al. 2020). Despite this substantial variation, alkaloids from most
of the 24 described classes are present in all lineages of alkaloid-containing dendrobatids
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(see summary tables in Saporito et al. 2009, 2012; Santos et al. 2016; Grant et al. 2017),
suggesting that the physiological ability to sequester different lipophilic alkaloids is shared
among lineages and that alkaloid-containing arthropods are geographically widespread.
However, several alkaloid classes have only been detected in a few species, raising the pos-
sibility that differences in ability to sequester these alkaloids is highly restricted phyloge-
netically and/or that some dietary sources are highly restricted geographically.

One of the most geographically and phylogenetically limited structural classes are the
epibatidines, a class of pyridinic alkaloids that act as agonists of nicotinic acetylcholine
receptors (nAChRs), one of which, referred to generally as epibatidine, is a potent non-opi-
oid analgesic 200 times stronger than morphine (Badio and Daly 1994; Spande et al. 1992).
Epibatidine has only been found naturally in Epipedobates and Ameerega (both in Colos-
tethinae; Grant et al. 2006, 2017) and a dietary arthropod source is yet to be identified.
Specifically, Daly et al. (1978) found that skin extracts from three species of poison frogs
contained trace amounts of epibatidine, including the two trans-Andean species E. espi-
nosai from northern Ecuador and E. anthonyi from southern Ecuador, and a cis-Andean
species reported as Dendrobates pictus from central Peru (possibly A. petersi or an unde-
scribed species; for locality see Daly et al. 1987; for current taxonomy of Ameerega see
Guillory et al. 2020). Later, in 1974 and 1979, Daly et al. (1980) reported epibatidine (cited
as trace alkaloids from frog skins) in two populations of E. anthonyi (reported as Dendro-
bates tricolor) from Santa Isabella, Ecuador (alkaloid identification described in Spande
et al. 1992, footnotes 1, 14; for localities, see Daly et al. 1987, 1998). On the basis of these
studies, epibatidine appears to be restricted to these two genera of colostethine frogs in
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Ecuador and northern Peru, which suggests either that the ability to sequester epibatidine
is confined to these lineages or that the dietary source for epibatidine is unavailable or not
consumed by frogs that lack them in nature.

Among dendrobatids, the ability to sequester alkaloids appears to have evolved either
once with multiple independent losses or multiple times independently (see Fig. 1; Santos
et al. 2003; Santos and Cannatella 2011; Grant et al. 2017; Gonzalez et al. 2021). To test
the hypothesis that the ability to sequester epibatidine is confined to the lineages Epipedo-
bates and Ameerega, we experimentally administered epibatidine via diet manipulation to
individuals of five dendrobatid species. These species represented three lineages of dend-
robatid poison frogs and included species known to either possess or lack epibatidines in
nature. Specifically, we tested if epibatidine can be sequestered by E. anthonyi, known to
sequester epibatidine in nature, and R. variabilis, R. imitator, P. vittatus, and D. tinctorius,
none of which have been shown to contain epibatidine in nature (Daly 1998; Saporito et al.
2012; Santos et al. 2016; Grant et al. 2017). By offering animals a known quantity of epi-
batidine, we were also able to ask whether accumulation efficiency of epibatidine differs
among these species.

Methods
Study animals

We compared epibatidine sequestration across dendrobatid lineages (Fig. 1; Grant et al.
2017) using individuals of five species—Epipedobates anthonyi (n=3 experimental + 1
control), Ranitomeya variabilis (n=4 experimental + 1 control), R. imitator (n=5 experi-
mental + 1 control), Phyllobates vittatus (n=>5 experimental + 1 control), and Dendrobates
tinctorius (n=35 experimental + 1 control). Experimental frogs were administered an etha-
nol/epibatidine solution, whereas control frogs were administered an ethanol solution with-
out epibatidine (see details below). All frogs were captive bred and either obtained from
Josh’s Frogs (Owosso, Michigan, USA) (E. anthonyi and D. tinctorius) or drawn from a
research colony at Illinois State University, Normal, IL, USA (R. variabilis, R. imitator, and
P. vittatus). For at least two months prior to starting the feeding experiment, we maintained
all frogs at John Carroll University (University Heights, OH, USA). Throughout, we kept
frogs under a 12 h light/dark cycle and at humidity >80% and temperature 18.3-26.7 “C
meant to mimic natural conditions. During the two month acclimation period, we held all
individuals of each species together in a single glass terrarium (51 cmx25 cm X 30 cm),
and fed frogs Drosophila melanogaster dusted with vitamin powder (Rep-Cal, Los Gatos,
CA, USA) every other day. During the 14 day feeding experiment (see below for details),
we moved each frog to an individual 14.5 cm X 14.5 cm X 8 cm plastic terraria with damp
paper towels as substrate (replaced every other day) and a small plastic cup for cover.

Alkaloid dosage

We used estimates from the natural diet of wild-caught frogs to define the daily dosage
of epibatidine administered to each frog (sensu Jeckel et al. 2022). We first used pub-
lished data from stomach content analyses to estimate the mean daily intake for an indi-
vidual of each species of ants and mites, the major dietary source of alkaloids in den-
drobatid frogs (Caldwell 1996; Saporito et al. 2012). Diet data were only available for
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two populations of Dendrobates tinctorius (mean n ants/mites: 41.2, 26.2/3.2, 2.1). As
proxy for the Phyllobates and Ranitomeya species we used in the present study, we used
dietary data from Phyllobates lugubris (mean n ants/mites: 12.1/8.1) and Ranitomeya
ventrimaculata (mean n ants/mites: 23.2/28.8) (data from Caldwell 1996; Born et al.
2010), respectively. No dietary data are available for Epipedobates. Using these diet
data, we estimated a mean daily intake of 26 ants and 11 mites for the species exam-
ined. We then used published alkaloid quantities for ants and mites (data from Jones
et al. 1982, 1996; Takada et al. 2005; Saporito et al. 2011) to estimate the quantity of
alkaloids in this number of ants and mites. Our final estimate of average alkaloid intake
was 8.3 pg/day per frog, which we rounded to 10 pg/day per frog to allow us to directly
compare our results to a previous study that experimentally examined sequestration of
decahydroquinoline and histrionicotoxin alkaloids in Adelphobates galactonotus (Jeckel
et al. 2022).

Alkaloid administration

We administered alkaloids orally to study animals by delivering a prepared epibatidine
solution via micropipette (sensu Jeckel et al. 2022). Alkaloid sequestration occurs rela-
tively quickly across the mucosa of the oral cavity and other places in the digestive tract
(Jeckel et al. 2020; O’Connell et al. 2021). We built our liquid solution using (+/—)-epi-
batidine dihydrochloride hydrate (Sigma-Aldrich, Germany) diluted in 50% ethanol to a
final concentration of 2 pg/ul, and we administered 5 ul of the ethanol/alkaloid solution
daily to each frog in the epibatidine treatment. We administered 5 pl of 50% ethanol
with no epibatidine daily to each frog in the control treatment. We administered the
treatment daily for 7 days. To ensure that only sequestered alkaloids were included in
our chemical analyses, we ceased alkaloid feeding for 7 days before euthanizing frogs
for alkaloid analysis (sensu Jeckel et al. 2022). During the entire 14 days experiment
(7 days alkaloid feeding + 7 days of latency), we fed frogs with vitamin-dusted D. mela-
nogaster every other day.

Immediately following the first oral administration of treatments, the E. anthonyi in
the epibatidine treatment group (but not the control animal) displayed signs of distress,
including approximately 30 min of lethargy and immobility. So, on the following 6 days
of the experiment, we fed the three epibatidine-treatment E. anthonyi a solution diluted
to 1 ug/ul. Thus, these E. anthonyi consumed 5 pg of epibatidine/day on days 2—7 rather
than the 10 pg/day they consumed on day 1 and other frogs consumed throughout the
experiment. In total, our E. anthonyi consumed 40 pg of epibatidine over the course of
the experiment, and all other frogs consumed 70 ug. The E. anthonyi did not show signs
of additional distress following feeding with the diluted epibatidine solution.

We euthanized frogs via freezing at —20 °C and then removed skins, which we stored
individually in 4 ml glass vials with Teflon-lined caps containing 1 ml of >99% methanol
(GC Resolv™) at —20 °C (sensu Jeckel et al. 2020, 2022). Prior to alkaloid extraction,
we transferred each methanol extract to a new glass vial and added 100 pl of a 0.1 pg/pl
solution of nicotine ((—)-nicotine >99%, Sigma-Aldrich) as an internal standard for later
epibatidine quantification. Each methanol extract was evaporated with N, to a volume of
100 pl prior to analysis with Gas Chromatography—Mass Spectrometry (see GC-MS meth-
ods below). Finally, we dried each frog skin at 60 °C for 24 h using a vacuum oven and then
weighed each to the nearest 0.01 mg using an Explorer® Pro balance.
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Alkaloid characterization

We identified and quantified epibatidine in each methanol extract using Gas Chromatog-
raphy—Mass Spectrometry (GC-MS). We performed GC-MS on a Varian Saturn 2100 T
ion trap MS instrument coupled to a Varian 3900 GC with a 30 m X 0.25 mm i.d. Var-
ian Factor Four VF-5 ms fused silica column. GC separation of alkaloids was achieved
using a temperature program from 100 to 280 °C at a rate of 10 C per minute with
helium as the carrier gas (1 ml/min). We analyzed each sample with electron impact
and chemical ionization mass spectrometry using an injection volume of 2 pl and split
mode (20:1), and identified epibatidine by comparing retention times and mass spectral
properties to that of the epibatidine used in the feeding experiment (Rt: 13.00 min, base
peak: 68 m/z, major peak: 69 m/z) and other publications (Spande et al. 1992; Daly et al.
2005). To quantify the amount of epibatidine in each sample, we compared the peak
area of epibatidine to the peak area of the nicotine internal standard using a Varian MS
Workstation v.6.9 SPI. We analyzed each sample five times using electron impact spec-
trometry and calculated an average quantity of epibatidine for each sample.

Statistical analyses

Because we administered different total quantities of epibatidine to E. anthonyi and indi-
viduals of the other four species, we normalized the data and compared the percentage of
alkaloid accumulated/mg skin weight among species. Prior to our statistical analysis, we
first calculated the percentage of epibatidine accumulated per individual [(total quantity of
epibatidine fed/total quantity of epibatidine detected) X 100] and then used the dry weight
of each frog skin to calculate the percentage of epibatidine accumulated per unit weight
for each sample (percentage of epibatidine accumulated/mg frog skin). We confirmed our
data were normally distributed and that variance was equal using a Shapiro—Wilk and a
Levene’s test, respectively (p>0.05). To test for differences in the percentage of epibati-
dine accumulated/mg skin weight among frog species, we used a one-way analysis of vari-
ance (ANOVA) followed by Tukey HSD pair-wise comparisons. All statistical analyses
were conducted in R (v.4.1.2; R core Team 2021) and boxplots used to visualize differ-
ences in epibatidine accumulation were constructed using PRISM 9 (v.9.4.1).

Results

All five species (E. anthonyi, R. variabilis, R. imitator, P. vittatus, and D. tinctorius)
sequestered epibatidine; however, none of the control frogs contained epibatidine (Fig. 2).
The percentage of epibatidine sequestered/mg skin weight varied significantly across spe-
cies (F, 1;=19.45, p<0.001), with E. anthonyi, R. variabilis, and R. imitator accumulat-
ing about 2.4X more epibatidine than P. vittatus or D. tinctorius (p <0.002 in all compari-
sons; Fig. 3). There was no difference in the percentage of epibatidine sequestered/mg skin
weight among E. anthonyi, R. variabilis, and R. imitator (p >0.836 in all comparisons), or
between P. vittatus and D. tinctorius (p=0.557). The average snout—vent length and frog
mass, total quantity of epibatidine fed, average amount of epibatidine sequestered (inde-
pendent of skin weight), and percentage of epibatidine sequestered (independent of skin
weight) for each species are presented in Table 1.
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Discussion

Although the alkaloid epibatidine has been observed to occur naturally in only one of the
five dendrobatid poison frog species we studied, it was sequestered by individuals of all
five species in the present study. Epibatidine has been identified in natural populations of
Epipedobates and Ameerega (Daly et al. 1980; Spande et al. 1992; Daly 1998), so the abil-
ity of E. anthonyi to sequester it was unsurprising. Unexpectedly, our study provides evi-
dence that species of Ranitomeya, Phyllobates, and Dendrobates are also able to sequester
epibatidine, suggesting that the absence of this alkaloid among at least some dendrobatids
(see Daly et al. 2005; Saporito et al. 2012; Santos et al. 2016; Grant et al. 2017) owes to
the lack of an environmental source and not taxonomically restricted sequestration ability.

The ability of Dendrobates to sequester epibatidine is further indicated by Sanchez et al.
(2019), who found that one individual of Dendrobates auratus sequestered the alkaloid in
a feeding experiment, while one individual of D. tinctorius did not. Although the finding
that D. tinctorius does not sequester epibatidine contrasts with the results of our study,
the methods used by Sanchez et al. (2019) differed significantly from ours. Sanchez et al.
(2019) provided frogs with fruit flies that were dusted with a 1% mixture of vitamin pow-
der and the alkaloids epibatidine and sparteine, but the actual quantity of epibatidine con-
sumed by each frog was not (and could not) be determined. In contrast, we orally admin-
istered a known quantity of epibatidine to individual frogs. We also administered more
epibatidine than did Sanchez et al. (2019), and therefore, the apparent differences in ability
to sequester in D. tinctorius could be due to differences in the methodology and quan-
tity of epibatidine consumed by the frogs. Additional feeding experiments are necessary
to resolve this question. Regardless, it is clear that at least part of the Dendrobates clade is
capable of sequestering this alkaloid.

All of the species we studied share the physiological ability to sequester epibatidine;
however, their accumulation efficiency (measured as percentage of epibatidine accumu-
lated/mg skin weight) differed. Epipedobates anthonyi and both Ranitomeya species were
more efficient at sequestering epibatidine than were P. vittatus and D. tinctorius (Fig. 2).
Although the ability to sequester an alkaloid is either present or absent in a species (e.g.,
D. auratus is incapable of sequestering certain piperidine alkaloids; Davison et al. 2021),
the efficiency at which different alkaloids are accumulated varies within and among spe-
cies (e.g., Daly et al. 2000a, 2003; Saporito et al. 2019; present study). More specifically,
Hantak et al. (2013) found that the bufonid poison frog Melanophryniscus stelzneri seques-
tered the alkaloid decahydroquinoline (DHQ) more efficiently than a 5,8-disubstituted
indolizidine, and a 3,5-disubstituted indolizidine more efficiently than DHQ. In a feeding
experiment similar to those performed in the present study, Jeckel et al. (2022) admin-
istered increasing amounts of the alkaloids DHQ and histrionicotoxin (HTX) 235A to
Adelphobates galactonotus and found that accumulation efficiency in the skin increased at
higher doses for HTX 235A while DHQ accumulation efficiency remained constant, dem-
onstrating different efficiencies for these two structurally different alkaloids.

Jeckel et al. (2022) suggested that some of these differences in accumulation efficiency
could be related to differences in lipophilicity between alkaloids, which can affect their
absorption, movement across plasma membranes, metabolism, and excretion (Leo et al.
1971; Lipinski et al. 1997; Lapins et al. 2018). Poison frogs absorb alkaloids through the
mucosa of the digestive tract, where they are then presumably transported through the cir-
culatory system until storage (Santos et al. 2016; Caty et al. 2019; Jeckel et al. 2020, 2022;
Alvarez-Buylla et al. 2022). Bile acid and several protein-based mechanisms have been
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proposed for the absorption and transport of alkaloids (Clark et al. 2012; Caty et al. 2019;
O’Connell et al. 2021; Alvarez-Buylla et al. 2022), and differences in both the ability and
efficiency to sequester alkaloids by frogs (including epibatidine) are likely related to such
transporters. Most recently, Alvarez-Buylla et al. (2023) discovered a plasma protein of the
serpin family, referred to as alkaloid-binding globulin (ABG), that is capable of binding
multiple alkaloid classes in Dendrobates tinctorius, Epipedobates tricolor (a close relative
of E. anthonyi, studied here), and Oophaga sylvatica. They also found that ABG bind-
ing specificity varies among species and alkaloids, potentially accounting for variability in
sequestration efficiency observed in other studies (including the present study). Although
the shared occurrence of ABG in these species, which represent two independent origins of
alkaloid sequestration within Dendrobatidae, is suggestive of a single mechanism of alka-
loid transport, Alvarez-Buylla et al. (2022) reported that ABG is absent in the distantly
related mantellid poison frog Mantella auratiaca, suggesting that additional alkaloid trans-
porters might have evolved as well.

The present study demonstrates that dendrobatid species other than Epipedobates and
Ameerega are capable of sequestering epibatidine, and there is reason to predict that other
lineages not yet examined might also have this ability. Tarvin et al. (2017) found that spe-
cies of Epipedobates, Ameerega, and Oophaga have a key substitution, S108C, in the 3
subunits of nicotinic acetylcholine receptors (nAChRs) that, when expressed experimen-
tally in human nAChRs, appears to reduce sensitivity to epibatidine. This substitution in
frogs might confer resistance to autotoxicity from epibatidine (Tarvin et al. 2017), which
could favor and/or constrain the evolution of the ability to sequester this alkaloid. A good
way to test the hypothesis that this trait is key to the evolution of epibatidine sequestration
would be to test for epibatidine uptake in Oophaga. This genus is part of Dendrobatini
and nested within the clade that includes D. tinctorius and the two Ranitomeya species we
examined (Grant et al. 2017), suggesting it should be able to sequester epibatidine. Fur-
ther, Alvarez-Buylla et al. (2023) demonstrated that alkaloid-binding globulin in Oophaga
sylvatica binds epibatidine (possibly for transport), providing additional evidence that
Oophaga is likely capable of sequestering epibatidine. Nevertheless, Tarvin et al. (2017)
reported the absence of the S108C substitution in Ranitomeya, Phyllobates, and Dendro-
bates, species of which sequestered epibatidine in the present study. Our findings therefore
provide evidence that epibatidine sequestration is not dependent on the presence of the
S108C substitution, and is more widespread than previously thought. This finding is con-
sistent with the apparent broad range of binding affinities of the presumed transporters.

Given that five species from diverse dendrobatid lineages can sequester epibatidine, a
more likely explanation for its restricted occurrence in natural populations might be related
to the geographic distribution of the arthropod(s) from which this alkaloid is sequestered.
Differences in the availability of arthropods appear to contribute to both small and large-
scale differences in alkaloid defenses among dendrobatids (e.g., Saporito et al. 2007b;
McGugan et al. 2016; Basham et al. 2020; Moskowitz et al. 2020). Epibatidine has only
been found naturally in some Epipedobates and Ameerega (Daly et al. 1980; Spande et al.
1992; Daly 1998), which range from Ecuador to northern Peru, and it is probable that
the dietary arthropod source(s) of this alkaloid shares a similar distribution. Daly (1998)
reported that a population of E. anthonyi from Ecuador contained trace amounts of epi-
batidine in 1974, yet no epibatidine was detected in the same species from a nearby site in
1976, which suggests that the dietary source (or frog diet) varies on similar spatial and tem-
poral scales. Of equal importance is the fact that epibatidine has only ever been detected in
trace amounts of approximately 1 pg/frog or less in natural populations (Daly et al. 1980;
Spande et al. 1992), which is much less than most other major alkaloids (> 50 pg/frog) in
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dendrobatid frogs (e.g., Daly et al. 1987; Saporito et al. 2007b). The quantity of epibati-
dine in E. anthonyi is more than 20 times less than the co-occurring pumiliotoxin 251D
(Spande et al. 1992; footnotes 1, 14). In fact, if it were not for the presence of a conspicu-
ous Straub-tail reaction in mice indicating the presence of an extremely potent analgesic in
skin extracts of E. anthonyi (Daly et al. 1978, 2000b), it is possible that epibatidine would
have been overlooked in early studies. It should be noted, however, that epibatidine is
highly toxic, with an LDs, of approximately 0.4 pg per mouse (Badio and Daly 1994; Fitch
et al. 2018), and even trace amounts probably function as an effective defense. Regardless,
the exceptionally small quantities of epibatidine in natural frogs suggests that the arthropod
source is rare and/or infrequently consumed by poison frogs. It is also possible that the
source itself contains small or variable quantities of epibatidine, independent of its abun-
dance or consumption by frogs. Collectively, this could help explain the apparent absence
of epibatidine in other dendrobatids that share similar geographic distributions with known
epibatidine-containing frogs (e.g., species of Ranitomeya), which, based on the present
study, are presumably capable of sequestering epibatidine. Nevertheless, we caution that
not all dendrobatid species (or populations) in this range (and outside this range) have been
analyzed for alkaloids, and it remains possible that epibatidine has yet to be detected in
some of these unstudied species. The dietary source(s) of epibatidine is unknown, but its
discovery will be essential to further understanding these open questions regarding epibati-
dine sequestration.

Although all five species examined in the present study are clearly resistant to epibati-
dine, possibly due to the S108C substitutions in nAChRs (Tarvin et al. 2017), resistance
appears dose dependent and related to body size. On average, the specimens of E. anthonyi
were approximately 10% shorter and their skins were 27% lighter than the next smallest
species (Table 1), and E. anthonyi was the only species to exhibit ill effects from the initial
dose, requiring a reduction for the remainder of the experiment. Epibatidine is highly toxic
and has only been detected naturally in trace quantities, and it is possible the quantity of
epibatidine used in the present study exceeded the amount a frog would consume natu-
rally. Additional studies will be necessary to further understand this relationship, but resist-
ance is likely a multifaceted physiological adaptation, involving more than just ion channel
modification (e.g., Tarvin et al. 2016, 2017; Marquez et al. 2019).

The findings of the present study demonstrate that the ability to sequester epibatidine is
not restricted to species of Epipedobates and Ameerega but is in fact present in other den-
drobatid species, including R. variabilis, R. imitator, D. tinctorius, and P. vittatus. These
results further strengthen the hypothesis that alkaloid variation among natural populations
largely arises due to differences in alkaloid intake, which, in turn, likely develops from
differences in the availability of dietary sources and/or the propensity of frogs to consume
them (Saporito et al. 2007b; Jeckel et al. 2015; McGugan et al. 2016; Basham et al. 2020;
Moskowitz et al. 2020). The observed differences in sequestration efficiency of epibati-
dine in the present study, coupled with several other feeding experiments (Daly et al. 1994,
2003; Hantak et al. 2013; Mebs et al. 2014; Davison et al. 2021; O’Connell et al. 2021;
Alvarez-Buylla et al. 2022; Jeckel et al. 2022), also illustrate the importance of physiolog-
ical differences in sequestration to explaining some of the alkaloid variation within and
among poison frog species, as well as the potential pitfalls of only using alkaloid profiles
of wild-caught animals to make predictions about such differences among lineages (Grant
et al. 2006). Given the importance of alkaloid defenses to taxonomically diverse consumers
and consumed alike, unraveling these sources of natural variation will be critical to under-
standing the ecological and evolutionary causes and consequences of chemical defense.
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