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Abstract

Poison frogs are well known for their ability to sequester alkaloids from their diet of leaf-
litter arthropods for use in defense against predators and pathogens. Australian frogs in the
genus Pseudophryne (Myobatrachidae) represent an understudied lineage of poison frogs,
with a unique ability to both sequester dietary alkaloids and synthesize pseudophrynamine
alkaloids. Herein, we describe the alkaloid profiles and diet of six species of Pseudophryne
(P. guentheri [Boulenger, 1882], P. occidentalis [Parker, 1940], P. semimarmorata [Lucas,
1892], P. dendyi [Lucas 1892], P. bibronii [Giinther, 1859], and P. coriacea [Keferstein,
1868]) to gain a better understanding of how alkaloid defenses and diet are related within
and among species. We characterized and quantified alkaloids using Gas Chromatogra-
phy-Mass Spectrometry (GC-MS), and assessed diet by way of dissection and examina-
tion of stomach contents using light microscopy. We found that alkaloid profiles varied
significantly among species, with pumiliotoxins (dietary-derived) and pseudophrynamines
(biosynthesized) being the most abundant alkaloids. Pseudophryne bibronii and P. den-
dyi contained mostly dietary-derived alkaloids, whereas P. coriacea, P. guentheri, P. semi-
marmorata, and P. occidentalis possessed mostly biosynthesized alkaloids. The stomachs
of all the studied species were largely empty, containing mostly soil and few partially
digested insects. Our data suggest that frogs eat minimally during the breeding season.
Therefore, a decrease in dietary alkaloids may be compensated by the biosynthesized pseu-
dophrynamines, which could allow Australian poison frogs to remain defended from pred-
ators during this vulnerable time period.
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Introduction

Anurans possess a diversity of defensive chemicals that are aimed at protection against
predators and microbes (Toledo and Jared 1995; Conlon et al. 2011a, b; Hovey et al. 2018;
Lawrence et al. 2019, 2023). Most of these chemicals appear to be synthesized by frogs
and largely include amines, peptides, proteins, steroidal bufadienolides, tetrodotoxins, as
well as a variety of volatile organic compounds (Daly et al. 1987, 2004, 2005; Brunetti
et al. 2015; Jeckel et al. 2015; Protti-Sanchez et al. 2019; Gonzalez et al. 2021). Alka-
loids are a particularly large group of defensive chemicals, most of which are sequestered
unchanged from a natural diet of alkaloid-containing arthropods (Daly et al. 1994, 2000,
2003; Saporito et al. 2007a, 2009, 2015; Jeckel et al. 2022; Alvarez-Buylla et al. 2022).
Alkaloid sequestration has been described in five anuran lineages that are collectively
referred to as poison frogs, which include species of Bufonidae (Melanophryniscus), Den-
drobatidae (several genera), Eleutherodactylidae (Eleutherodactylus), Mantellidae (Man-
tella), and Myobatrachidae (Pseudophryne frogs; Daly et al. 2005; Rodriguez et al. 2011;
Saporito et al. 2012). More than 1,200 alkaloids representing about 24 different structural
classes have been identified in poison frogs worldwide (Daly et al. 2005, 2008, 2009; Sapo-
rito et al. 2012; Garraffo et al. 2012; Hovey et al. 2018; Saporito unpublished data). Bufo-
nid and myobatrachid poison frogs represent two independent lineages that are capable of
both sequestering dietary alkaloids from arthropods and biosynthesizing additional types
of alkaloids (Smith et al. 2002; Jeckel et al. 2015). Bufonids in the genus Melanophrynis-
cus sequester a diversity of dietary alkaloids (Daly et al. 2007; Garraffo et al. 2012), but
also synthesize several other defensive compounds, including the indolealkylamine alka-
loid bufotenine (Daly et al. 1987, 2008; Erspamer 1994; Mebs et al. 2007a; Jeckel et al.
2015). Myobatrachids of the genus Pseudophryne largely sequester pumiliotoxin alkaloids
from dietary arthropods (Daly et al. 1990; Smith et al. 2002), but also synthesize a unique
class of indolic alkaloids known as pseudophrynamines (Daly et al. 1990; Smith et al.
2002). Higher quantities of sequestered alkaloids are associated with lower quantities of
biosynthesized alkaloids in Melanophryniscus moreirae and several species of myobatra-
chids, suggesting that some members of these poison frog lineages are capable of regulat-
ing alkaloid synthesis in relation to alkaloid sequestration (Smith et al. 2002; Jeckel et al.
2015). Further investigating the hypothesized relationship between biosynthesized and
sequestered alkaloids is needed to gain insight into how alkaloid defenses are developed,
maintained, and used by poison frogs.

Australian poison frogs in the genus Pseudophryne are composed of 14 species pri-
marily found in coastal wetland forests of eastern and western Australia, with one species
known from central Australia (Donnellan et al. 2012). Pseudophryne are small (20-30 mm
in snout-to-vent length), largely nocturnal and fossorial frogs (Mitchell 2001) with highly
variable coloration, ranging from blotchy brown to having patches of yellow and red to
the distinct black and yellow striped pattern of the Corroboree Frogs (P. corroboree and
P. pengilleyi). These conspicuous colors may have a dual function being cryptic from a
distance and aposematic from close range (Lawrence et al. 2018; Umbers et al. 2019) and
in general follow a common trait in poison frogs in which alkaloid defenses are associ-
ated with conspicuous coloration (Williams et al. 2000; Santos et al. 2003; Bonansea and
Vaira 2012; Roberts et al. 2022). Notably, while Lawrence et al. 2018 did examine apose-
matic signaling, further testing is necessary to confirm aposematic function of this con-
spicuous coloration given the apparent paradox of conspicuous coloration being associated
with nocturnal and fossorial frogs. Approximately six dietary-derived pumiliotoxins and
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more than 35 frog-synthesized pseudophrynamines have been detected in the seven Pseu-
dophryne species previously examined (Daly et al. 1990; Smith et al. 2002). Little has been
published on the diet of Pseudophryne, though they are likely ant-specialists (McFadden
et al. 2010), which are a known dietary source of defensive alkaloids in poison frogs (Jones
et al. 1999; Daly et al. 2000; Saporito et al. 2004). During the breeding season, which typi-
cally occurs between January and June (exact timing depends on species), males move to
nesting sites and construct breeding chambers in damp environments, usually just under
the leaf litter, from which to call for females (Barker et al. 1995; Mitchell 2001; Byrne and
Silla 2023). Once nesting sites are established, females arrive to deposit eggs that after
fertilization are guarded for up to four weeks by males (Pengilley 1973). Australian autumn
and winter (January through June) rains produce runoff that carries the eggs to the nearest
creek or river where they hatch and tadpoles complete development (Barker et al. 1995).
These normally fossorial frogs are thus likely at highest risk of predation during the breed-
ing season when they move to nesting sites, making defensive alkaloids particularly impor-
tant to the survival of individuals in the cooler months.

Pseudophrynamines are a unique class of frog-synthesized alkaloids only found in
Pseudophryne and exist in individuals in combination with dietary alkaloids (mostly
pumiliotoxins; Daly et al. 1990; Smith et al. 2002). Pseudophrynamines appear to have
an inverse relationship with pumiliotoxins in several species (Daly et al. 1990; Smith et al.
2002), whereby individuals with high amounts of pseudophrynamines have low amounts
of pumiliotoxins. In P. semimarmorata, sequestration of high levels of pumiliotoxins may
limit pseudophrynamine synthesis (Smith et al. 2002). Although alkaloids have been
described and compared among Pseudophryne species (Daly et al. 1990), the relationship
between pseudophrynamines and dietary alkaloids has not been quantitatively examined
across the genus. Thus, we sought to further investigate two aspects of Pseudophryne biol-
ogy by examining five previously studied species (P. guentheri, P. occidentalis, P. semima-
rmorata, P. bibronii, and P. coriacea) and one species (P. dendyi) that has not been studied
for alkaloids. First, do pseudophrynamine alkaloids show an inverse relationship with diet-
derived alkaloids? And second, is there any relationship between diet-derived alkaloids and
stomach contents (allowing us to identify possible sources of sequestered alkaloids)? In
investigating these two questions, we elucidate how frog-synthesized alkaloids vary with
the presence of dietary alkaloids and how diet and alkaloids are related across species of
Pseudophryne.

Materials and methods
Field collection

We located individuals by listening for calling males during their autumnal breeding sea-
son, and therefore our sampling almost certainly consisted only of males. Pseudophryne
are not sexually dimorphic, however we avoided collecting noticeably gravid females.
From March to May 2016, we collected 36 specimens representing six different species
of Pseudophryne (sample size and coordinates in brackets: P. guentheri [n = 7; 116.634,
-28.400], P. occidentalis [n = 7; 115.94, -28.460], P. semimarmorata [n = 5; 141.396,
-38.004], P. dendyi [n = 7; 146.536, -38.065], P. bibronii [n = 3; 152.171, -32.750], and P.
coriacea [n = T7; 153.547, -28.330]; Fig. 1). Notably, two species (P. guentheri and P. occi-
dentalis) are found in coastal western Australia, while the other four species (P. dendyi, P.
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Fig.1 Images and ranges of the species examined in this study. Western species include A) Pseudophryne
guentheri and B) P. occidentalis, while eastern species include C) P. dendyi, D) P. semimarmorata, E) P.
coriacea, and F) P. bibronii. Outline color on images matches the range color on the map. Stars represent
approximate collection locations. Ranges are reproduced from AmphibiaWeb

semimarmorata, P. bibronii, and P. coriacea) are found in coastal eastern and southeastern
Australia (Fig. 1).

Immediately after collection, individuals were euthanized by cervical dissection and
pithing (University of Mississippi IACUC #15-012 and Western Sydney University ACEC
#A11490). Whole skins were stored in 4mL of 100% methanol in glass vials with PTFE
caps (hereafter, referred to as methanol extracts). Stomachs were dissected and stored
in 95% ethanol. Upon return from the field, skins were weighed and stored in -20°C and
stomachs were stored in -80°C.

Alkaloid analysis

Alkaloids were extracted from each methanol extract using an acid-base fractionation as
previously outlined (Saporito et al. 2010; Jeckel et al. 2015; Hovey et al. 2018). In brief,
50 uL of 1IN HCI and an internal nicotine standard was added to 1mL of each methanol
extract. The sample was then mixed and evaporated to approximately 100 uL using nitro-
gen gas. The concentrated sample was diluted with 200 uL of deionized water. Samples
were then extracted four times, each with 300 pL of hexane. The remaining aqueous layer
was basified with saturated sodium bicarbonate, followed by extraction three times, each
with 300 pL of ethyl acetate. The organic layer was dried using anhydrous sodium sul-
fate and carefully evaporated to dryness using nitrogen gas. Final alkaloid fractions were
reconstituted in 100 uL of methanol and stored in glass LVI vials with Teflon-lined septa
at — 20°C until alkaloid analysis. To determine the identity and quantity of each alkaloid
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present in the samples, gas chromatography-mass spectrometry (GC-MS) analysis was per-
formed on a Varian Saturn 2100 T ion trap MS coupled to a Varian 3900 GC with a 30 m X
0.25 mm ID Varian FactorFour VF-5 ms fused silica column. GC separation was achieved
using a temperature program that increased from 100°C to 280°C at a rate of 10°C per
minute with helium as the carrier gas (flow rate of 1 mL/min). Each alkaloid sample was
analyzed using both electron impact mass spectrometry (EI-MS) and chemical ionization
mass spectrometry (CI-MS), with methanol as the CI reagent.

Most anuran alkaloids have been assigned code names with a boldfaced number cor-
responding to their molecular weight and a boldfaced letter to distinguish alkaloids with
the same nominal mass (see Daly et al. 2005 for discussion on nomenclature). Alkaloid
identification was conducted by comparing GC retention times and mass spectral proper-
ties (e.g., diagnostic ion fragments) for each alkaloid with previously established data on
frog alkaloids (Daly et al. 2005; additional citations in Hovey et al. 2018; Saporito, unpub-
lished data). Each sample was analyzed in three chromatographic replicates, and the aver-
age quantity of alkaloid was determined by comparing alkaloid peak area to that of the
nicotine internal standard. Following the methods of previous studies (Bolton et al. 2017;
Hovey et al. 2018; Lawrence et al. 2019), only alkaloids that were present in quantities >
0.3 pug were included in the analyses.

Statistical analysis

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 determine if there is a rela-
tionship between frog body size (measured as wet skin mass) and total alkaloid quantity,
dietary alkaloid quantity, and synthesized alkaloid quantity, we used linear regression. To
test for differences in alkaloid quantity among species, we used a one-way analysis of vari-
ance (ANOVA) followed by Tukey HSD pair-wise comparisons. All univariate statistical
analyses and graphs were constructed using GraphPad Prism, version 9.5.1 for MacOS.
Non-metric multidimensional scaling (nMDS) was used to visualize and compare alkaloid
composition (a combined measure of richness, type, and quantity) within and among spe-
cies, and a one-way analysis of similarity (ANOSIM) followed by pairwise comparisons
was used to test for differences. Both nMDS and ANOSIM were based on Bray-Curtis sim-
ilarities, and were performed in PRIMER-E, version 6.

Diet analysis

We examined stomach contents from individual frogs using a stereo dissecting microscope
(Olympus SZ61) coupled with a digital camera (Olympus EP50). Images were processed
using the app EPview, version 1.4 for Windows. Stomachs were dissected from each frog
by separating it from the esophagus and small intestine. A long incision was made along
one side of the stomach, and the dietary contents were flushed into a petri dish using a
disposable pipette and 95% ethanol. The dietary contents were photographed for identifica-
tion of the type and number of invertebrates present. Grid paper (dimensions: 5.08mm by
5.08mm) was placed under the petri dish to be used as a scale for the size of the inverte-
brates. Ants and mites are common dietary sources of defensive alkaloids in poison frogs
(Saporito et al. 2012), therefore we identified invertebrates as ants, mites, or other. To
avoid duplicates, we only counted complete bodies (mostly mites) or heads (ants). Ants, in
particular, would break apart in stomachs, so to be conservative in our counts, we would
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count heads but not other parts of the body. After all stomach contents were photographed,
the dietary contents were stored in individually labeled vials containing 95% ethanol.

Results
Alkaloid analysis

A total of 19 unique alkaloids (including isomers), representing five different structural
classes, were detected in 36 individual skins of Pseudophryne examined in the present
study. The average quantity for each alkaloid, organized by structural class and frog species
are reported in Table 1. Based on similarities in mass spectral data to previously character-
ized alkaloids (Daly et al. 2005), we identified one tentatively new alkaloid of unclassi-
fied structure with a molecular weight of 247, and its GC retention time and mass spectral
data are reported in Supplementary Fig. 1. The majority of alkaloids detected in Pseu-
dophryne were the biosynthesized pseudophrynamine and dietary derived pumiliotoxin
alkaloids. The presence and quantity of each of these classes of alkaloids varied among
species (Figs. 2, 3).

There is no relationship between frog skin mass and total alkaloid quantity (F; ;4 =
0.098, p = 0.757), dietary alkaloid quantity (F, 3, = 1.93, p = 0.174), and synthesized alka-
loid quantity (F, 3, = 3.62, p = 0.066). Average total alkaloid quantity varied significantly
among species (Fs 3o = 6.63, p < 0.001), with P. dendyi and P. coriacea possessing an aver-
age of 12.9x more alkaloid than P. guentheri and P. occidentalis (p < 0.01 in all compari-
sons; Fig. 4). Alkaloid composition was significantly different among species (Global R =
0.632; p = 0.001; Fig. 5). However, pairwise comparisons among species found no differ-
ence in alkaloid composition between P. guentheri and P. occidentalis (Global R = 0.011;
p = 0.325) and P. occidentalis and P. bibronii (Global R = 0.241; p = 0.143).

Diet analysis

We dissected stomachs of the same individuals used in the alkaloid analyses. We observed
that the stomachs were largely empty, containing mostly soil and few partially digested
invertebrate parts such as heads and limbs (Supplementary Fig. 2). Despite this, there were
some intact, identifiable invertebrates including mites, albeit in low quantities. Among the
identifiable invertebrates, ants and mites were among the most common (Table 2). There
were several invertebrates which were apparently intact, but not known to be important in
alkaloid sequestration for frogs, such as worms (e.g., nematodes; Supplementary Fig. 2).
Notably, we only had three individuals of P. bibronii in our sampling, none of which had
identifiable stomach contents (Table 2). Whether this is an artifact of sampling or a real
phenomenon is difficult to ascertain, so we would encourage caution in interpretation of
results with regard to this species.

Discussion
Poison frogs in the genus Pseudophryne are chemically defended by dietarily-derived

(mostly pumiliotoxins) and biosynthesized pseudophrynamine alkaloids. In the pre-
sent study, we found that P. dendyi and P. bibronii contained larger quantities of dietary
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alkaloids as compared to pseudophrynamines, whereas P. guentheri, P. occidentalis, P.
semimarmorata, and P. coriacea possessed larger quantities of pseudophrynamines as
compared to dietary alkaloids (Figs. 2 and 3). Our findings are consistent with previous
studies (Daly et al. 1990; Smith et al. 2002) and provide further evidence of a reciprocal
relationship between dietary and frog-synthesized alkaloids in Pseudophryne. The direc-
tion of the relationship is identical to previous studies for P. guentheri, P. occidentalis, and
P. coriacea (Daly et al. 1990; Smith et al. 2002). However, the higher abundance of dietary
alkaloids in P. bibroni is opposite to that of Daly et al. (1990), and the greater quantity of
pseudophrynamines in wild-caught P. semimarmorata is opposite to that of Smith et al.
(2002). The observed differences in directionality between the present and previous stud-
ies are likely due to spatial and temporal variation in the availability of alkaloid-containing
arthropods (see further discussion below), and remain consistent with the existence of a
trade-off between dietary and synthesized defense types in Pseudophryne.
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Fig.5 nMDS plot of alkaloid composition among the six species of Pseudophryne. Each point represents
an individual frog from a specific species, and the distance between points is proportional to the difference
in alkaloid composition between frogs

Table2 Mean quantity of
invertebrates in stomach contents
of six species of Pseudophryne.
+SEM
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Species n  Ants Mites Other

P. guentheri 7 271+201 029+0.18 0.71 +0.47
P. occidentalis 7 0+0 0+0 0.29 +0.29
P. semimarmorata 5 1.2 +0.58 0.8 +0.37 1.2+ 0.37
P. dendyi 7 057+037 043+0.3 0.57+0.3
P. bibronii 3 0+0 0+0 0+0

P. coriacea 7 371125 243+149 0.71+0.29
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Previous studies have found that species containing larger quantities of dietary alkaloids
typically contain lower quantities of pseudophrynamines and vice versa (Daly et al. 1990;
Smith et al. 2002). The results of the present study align with these findings (Figs. 2 and 3),
and interestingly, seem to show a tradeoff in diversity as well (though, this pattern is less
clear; Tablel). Moreover, Smith et al. (2002) provided evidence that accumulation of high
quantities of dietary pumiliotoxins may turn-off the biosynthesis of pseudophrynamines
in P. semimarmorata. Collectively, these findings suggest that the abundance of biosyn-
thesized pseudophrynamines are dependent on the availability of dietary alkaloids. Vari-
ation in dietary alkaloids is common among poison frogs and is thought largely to result
from spatial and temporal differences in arthropods (Saporito et al. 2007b; McGugan et al.
2016; Moskowitz et al. 2020; Basham et al. 2021). It is therefore plausible that changes
in availability of dietary alkaloids could lead to differences in the production of pseu-
dophrynamines, something that would be expected to change over the course of a lifetime.
For example, in the present study, P. dendyi contained significantly higher quantities of
dietary alkaloids compared to pseudophrynamines, suggesting the availability of alkaloid-
containing arthropods may have limited the production of pseudophrynamines (Fig. 3).
Alternatively, P. coriacea had greater quantities of pseudophrynamines than dietary alka-
loids, possibly as a result of limited arthropod availability (Fig. 3). Our dietary results sug-
gest that feeding is reduced during the breeding season, which would limit the availability
of dietary alkaloids during this time period, at least among likely males. The feeding habits
of females warrants further inquiry. Upregulation of pseudophrynamines in the absence
of dietary alkaloids may have evolved as an adaptation to maintain defenses during a par-
ticularly vulnerable period. Jeckel et al. (2015) found correlative evidence that the bufonid
poison frog, Melanophryniscus moreirae, may regulate bufotenine production in relation
to sequestered dietary alkaloids. It is interesting to note that both bufonid and myobatra-
chid poison frogs have punctuated seasonal reproductive (breeding) events (Vaira 2005;
Dos Santos et al. 2011; Santos and Grant 2011), which could be associated with the ability
to both produce and sequester alkaloids defenses. Our study suggests that a reciprocal rela-
tionship between dietary and biosynthesized alkaloids exists across Pseudophryne. How-
ever, experimental studies will be needed to understand whether these patterns exist across
the lifecycle of these frogs.

Prior studies have reported numerous chemicals other than alkaloids in the skin secre-
tions of poison frogs, including Pseudophryne. Although the function of these compounds
are largely unknown, it is possible that some of them serve a defensive role and may exhibit
tradeoffs with dietary alkaloid defenses. For example, bufonid poison frogs in the genus
Melanophryniscus synthesize bufadienolide-like compounds (Flier et al. 1980; Daly et al.
2008 but see Mebs et al. 2007b), several indolealkylamines, including bufotenine (Cei
et al. 1968; Daly et al. 1987; Erspamer 1994; Mebs et al. 2007a; Jeckel et al. 2015), and the
phenol hydroquinone (Mebs et al. 2005, 2007a). And in fact, a potential tradeoff between
bufotenine synthesis and dietary alkaloids has been suggested (Jeckel et al. 2015), but will
require further study. Further, the biosynthesized indolealkylamine, 5-hydroxytryptamine,
has been reported in the skin of Pseudophryne (Erspamer 1994), but was not detected in
the present study. Amidines, the peptide carnosine, and trace levels of bufadienolide-like
compounds have been detected in the skin of some dendrobatids (Daly et al. 1987). More
recently, several deltorphin peptides, bufagenins, bufotenines, and bufadienolides have
been putatively identified in the dendrobatid Phyllobates vittatus (Protti-Sanchez et al.
2019), and several volatiles, most notably, methylpyridines, benzothiazoles, N-alkylpyrro-
lidines, pyrazines, and sesquiterpenoids have been identified in the dendrobatid Silversto-
neia punctiventris (Gonzalez et al. 2021). Despite numerous examples of these biologically
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active chemicals present in skin secretions, our understanding of their role in poison frog
biology (e.g., anti-predator defenses, pheromones) is lacking and warrants further investi-
gation, and in particular, how they relate to the presence of dietary alkaloids.

Alkaloid composition is known to have important consequences for predator response,
particularly when examining among-population variation (Lawrence et al. 2023). When
examining total alkaloid quantities among species, we observed that eastern species (P.
semimarmorata, P. bibronii, P. dendyi, and P. coriacea) had relatively high alkaloid quanti-
ties, while western species (P. guentheri and P. occidentalis) had relatively low alkaloid
quantities (Fig. 4). Overall, this is consistent with Daly et al. (1990), who reported simi-
lar findings. Interestingly, eastern and western clades are monophyletic (Donnellan et al.
2012), possibly suggesting that the observed differences in quantity of alkaloids among
species might have phylogenetic origins. Furthermore, eastern species are comparatively
more conspicuous in color than western species (Fig. 1). Whether there is a relationship
between color and alkaloid quantity has yet to be determined, but our data suggest that
there may be a color-alkaloid relationship in which more conspicuous species possess
larger quantities of alkaloid (Blount et al. 2009; Summers et al. 2015). Additional studies
will be necessary to further understand the potential importance of phylogeny and color on
the evolution of dietary and biosynthesized defenses in Pseudophryne.

We sought to examine the stomach contents among Pseudophryne species in an attempt
to determine whether the presence or absence of pumiliotoxins (and other dietary alka-
loids) could be explained by what the frogs were eating. The stomachs were largely empty,
probably because they were caught close to the breeding season, particularly when com-
pared to other species of poison frogs which derive defensive alkaloids from diet (e.g.,
dendrobatids; Valderrama-Vernaza et al. 2009; McGugan et al. 2016; Martinez et al. 2019;
Pacheco et al. 2021). When frogs had contents in their stomachs, they were often highly
digested and not identifiable via morphological means (Supplementary Fig. 2). However,
among the most distinguishable invertebrates in the stomachs were ants and mites, both
of which are known sources of dietary alkaloids in dendrobatids (Saporito et al. 2004,
2007a; Takada et al. 2005). We caution, though, against inferences about mite/ant spe-
cialization from Table 2 given the high degree of digestion across all Pseudophryne in
our study. Given this, it is unsurprising that high ant and mite quantities (known alkaloid
sources) identified from our Pseudophryne sampled in their breeding system (Table 2) do
not appear to predict dietary alkaloid quantities or diversities. For instance, while P. coria-
cea has the highest mite and ant quantity and highest alkaloid quantities (Figure 4), this
species mostly deploys the synthesized pseudophrynamines (Table 1). Furthermore, the
species with the second highest ant quantity (P. guentheri) appears to rely exclusively on
pseudophrynamines during the breeding season. These results suggest that Pseudophryne
males eat minimally during the breeding season, but still remain chemically defended.
However, it is important to note that diet is a single measure at one point in time and may
not be representative of what a frog regularly consumes, whereas chemical defenses are the
result of accumulation/production over the course of a lifetime, thereby reducing our abil-
ity to relate frog diet and alkaloids (Saporito et al. 2007b). Collectively, our results suggest
that Pseudophryne males eat minimally during the breeding season, but still remain chemi-
cally defended with both dietary and synthesized alkaloids.

Taken together, our findings of alkaloids and diet in Pseudophryne suggest how natu-
ral history may have shaped their evolution of defenses. Namely, a dearth in diet-derived
defenses could leave frogs vulnerable to predation during the breeding season and that,
perhaps, this genus evolved the ability to produce alkaloids de novo (or never lost this abil-
ity) so that they remain defended through periods of scarcity. How Pseudophryne produce
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alkaloids de novo remains to be tested, but our results suggest that there may be interplay
between defensive traits and breeding. Eastern species display putative aposematic colora-
tion with most species showing axillary color patches (Lawrence et al. 2018), though some
species also display conspicuous coloration on their heads (Fig. 1). The most extreme col-
oration is found in the Northern and Southern Corroboree Frogs (P. pengilleyi and P. cor-
roboree, respectively). All species show some degree of conspicuous black-and-white ven-
tral coloration, which may serve aposematic function as well (Lawrence et al. 2018). While
frogs are secretive much of the year, during the breeding season, males will migrate to
low lying areas that will flood (J. Lawrence, pers. obs.). Males will construct subterranean
breeding chambers from which to call and attract females (Mitchell 2001). This period of
breeding represents increased risk of predation to frogs. As aposematism requires a second-
ary defense to function (Mappes et al. 2005), this period of migration would require that
individuals be chemically defended, otherwise, their conspicuous coloration could result
in increased loss due to predation. The function of the coloration remains to be poorly
understood as there is an apparent paradox of nocturnal, fossorial species having conspicu-
ous coloration. Gallinaceous fowl, such as Australian Brushturkeys (Alectura lathami) or
Lyrebirds (Menura novaehollandiae), were regularly sighted on our surveys. Such species
forage by scratching up leaf litter, and it is plausible that they could unearth frogs in the
process. In these instances, conspicuous coloration coupled with alkaloid defenses, could
be to the frog’s benefit, though this needs to be tested. Our diet findings suggest that this
is a period of reduced consumption of invertebrates that could provide defensive alkaloids.
Thus, there is significant risk of their aposematic signals no longer being effective. We
postulate that, perhaps, the ability to create alkaloids de novo evolved in response to this
period of reduced invertebrate consumption. By being able to produce alkaloids when die-
tary sources are scarce or frogs are not eating, they can maintain chemical defenses that
enable their putative aposematic signals to be effective.

Our results also have implications for conservation. Aposematic species which derive
alkaloid defenses from their diet are at risk when they do not feed on alkaloid-containing
invertebrates (such as in ex situ breeding programs). Many at-risk species are bred in cap-
tivity with the intention of reintroduction in the wild. These aposematic species pose the
challenge that individuals may not be chemically defended for reintroduction, and with
a naive predator community, may be quickly preyed upon. Some of the most endangered
amphibians in the world are the Corroboree frogs of Australia (P. pengilleyi and P. cor-
roboree). Considerable efforts have been made to breed these frogs in captivity for eventual
reintroduction into the highlands of eastern Australia (Hunter et al. 2009; OEH NSW 2012;
Skerratt et al. 2016; Rojahn et al. 2018). The conspicuous yellow-and-black coloration of
these frogs could be a beacon to predators, warning them of alkaloid defenses (but see
Umbers et al. 2019 which posits that this coloration could be cryptic). Our research, cou-
pled with previous work (Daly et al. 1990; Smith et al. 2002), suggests that these frogs may
be defended despite not being raised on diets containing alkaloid-producing invertebrates.
Predators have the ability to quickly learn avoidance of conspicuous signals when coupled
with unpalatable defenses (Lindstrom et al. 2001; Lawrence et al. 2019). Our results sug-
gest that species in the genus Pseudophryne, such as the Corroboree frogs, will maintain
alkaloid defenses regardless of presence of dietary sources of alkaloids. Thus, the reintro-
duced Corroboree frogs should not be at risk due to lack of defenses.

Notably, however, our research does not address unpalatability of pumiliotoxins or
pseudophrynamines. Quantity of alkaloids is not always a good indicator of efficacy of
defense (Lawrence et al. 2019), and thus we do not know whether pumiliotoxins and pseu-
dophrynamines contained in these frogs are equivalently unpalatable (or toxic) to potential
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predators or effective against microbial infection (Hovey et al. 2018; Lawrence et al. 2019,
2023; Protti-Sanchez et al. 2019). The relative unpalatability of these alkaloids would
provide important context for these results to understand how defenses change over the
lifecycle of these frogs, and how those changes are perceived by predators or microbes.
This research builds on what was previously known about defenses in Pseudophryne. We
provide a possible explanation for why the ability to synthesize alkaloids evolved in this
group of frogs, though this needs further testing. Our data suggest that there is a trade-off
between diet-dependent and diet-independent chemical defenses produced by these poison
frogs which may have evolved in response to reduced feeding.
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