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Abstract Seventy skins of three mantellid frog species from
Madagascan swamp-forest habitats, Mantella aurantiaca,
M. crocea, and M. milotympanum, were individually exam-
ined for skin alkaloids using GC/MS. These poison frogs were
found to differ significantly in their alkaloid composition from
species of Mantella originating from non-flooded rainforest in
eastern Madagascar, which were examined in earlier work.
Only 16 of the previously detected 106 alkaloids were repre-
sented among the 60 alkaloids from the swamp-forest frogs of
the present study. We hypothesize this difference is related
mainly to habitat but cannot exclude a phylogenetic compo-
nent as the three swamp-forest species are a closely related
monophyletic group. The paucity of alkaloids with
unbranched-carbon skeletons (ant-derived) and the common-
ness of alkaloids with branched-carbon skeletons (mite-
derived) indicate that oribatid mites are a major source of
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alkaloids in these species of mantellids. Furthermore, most
of the alkaloids have an oxygen atom in their formulae.
Differences in alkaloids were observed among species, popu-
lations of the same species, and habitats. In M. aurantiaca,
small geographic distances among populations were associat-
ed with differences in alkaloid profiles, with a remote third site
illustrating even greater differences. The present study and an
earlier study of three other mantellid species suggest that orib-
atid mites, and not ants, are the major source of alkaloids in the
species of mantellids examined thus far.

Keywords Arthropods - Chemical defense - Mantella
aurantiaca - Mantella milotympanum - Mantella crocea -
Mantellidae - Myrmicine ants - Oribatid mites -
Sequestration - Single-skin analyses - Endangered species

Introduction

Alkaloid-based chemical defenses have been identified in the
skins of five evolutionarily distinct lineages of frogs, com-
monly referred to as poison frogs, found in the families
Bufonidae, Dendrobatidae, Eleutherodactylidae, Mantellidae,
and Myobatrachidae (Daly et al. 2005; Rodriguez et al. 2010;
Saporito et al. 2012). More than 850 alkaloids have been de-
tected in poison frogs, with the majority of the compounds
characterized by low molecular weights (MW <500 amu)
and “izidine” carbon skeletons (Daly et al. 2005; Garraffo
et al. 2012; Saporito et al. 2012). Nearly all of these alkaloids
are sequestered from a diet of alkaloid-containing small ar-
thropods, which largely includes brachypyline mites and
myrmicine ants (Daly et al. 1994; Hantak et al. 2013;
Saporito et al. 2009, 2012). The only known exceptions to
sequestration are provided by myobatrachid frogs of the genus
Pseudophryne (Smith et al. 2002) and by dendrobatid frogs of
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the genera Adelphobates and Dendrobates (Daly et al. 2003).
Since nearly all alkaloids found in poison frogs arise from
sequestration of arthropod alkaloids, the composition of alka-
loids in poison frogs is dependent largely on the availability of
alkaloid-containing arthropods.

The genus Mantella (family Mantellidae, subfamily
Mantellinae) from Madagascar is currently composed of 16
described and at least one undescribed species (Glaw and
Vences 2007; Vences et al. 1999). Alkaloid composition has
been reported for 11 species of this genus, and more than 400
alkaloids have been detected (see Andriamaharavo et al. 2010;
Clark et al. 2005, 2006; Daly et al. 1996, 2008; Garraffo et al.
1993a; Saporito et al. 2012). Alkaloid composition varies
among species as well as among populations and among in-
dividuals of the same species, a finding that is consistent with
studies of alkaloid defenses in bufonid and dendrobatid poison
frogs (see Saporito et al. 2012 for a review).

The present study continues our analysis of individual frog
skins of Mantella, consisting of three closely related species:
(1) three populations of Mantella aurantiaca, two of them
from very close collection sites, and the other from a geo-
graphically distant location; (2) one population of M. crocea;
and (3) one population of M. milotympanum (Fig. 1). All three
species in the present study are found almost exclusively in
swamp-forest habitats. Other studies of mantellid alkaloids
have focused on species found in “drier” habitats (i.e., non-
flooded rainforest) (Andriamaharavo et al. 2010).

Swamp-forest habitats are located mainly at mid-altitudes
(900-1000 m) in east-central Madagascar, and can be defined
as open swamp valleys with surrounding hillside forests (Bora
et al. 2008; Zimmermann and Andrianarivo 2000). Our obser-
vations indicate that these swamp habitats can measure from
less than 20 m to more than 1 km in diameter. All three species
(M. aurantiaca, M. crocea, M. milotympanum) are most typ-
ically found in periodically flooded rainforest characterized by
the presence of screw pines (Pandanus spp.), and often bor-
dering treeless swamp plains (Glaw and Vences 2007;
Zimmermann and Andrianarivo 2000). During the rainy sea-
son (November—April), the forest edges contain small and
shallow swampy regions composed of ponds, puddles, and
slow flowing streams that are used by M. aurantiaca, M.
crocea, and M. milotympanum for reproduction. During the
dry season (May—October), these species are found mainly in
the surrounding hillside forests.

Several other species of Mantella are found regularly in
swampy areas of rainforest or rainforest edges, especially the
lowland species M. bernhardi, as well as M. baroni, M.
ebenaui, M. madagascariensis, and M. pulchra. Therefore, it
should be emphasized that the dichotomy between non-
flooded rainforest species and swamp-forest species is not
rigid, and some forest species (e.g., M. bernhardi) are found
frequently in swampy regions of their habitat. On the basis of
mitochondrial RNA studies, M. madagascariensis and
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Fig. 1 Map of collection localities of specimens used in this study.
Mantella. aurantiaca (circles); M. milotympanum (triangle); and
M. crocea (square). Localities are numbered as follows: (1) Torotorofotsy
(comprising two populations), (2) Andranomena (south of Moramanga),
(3) Fierenana, and (4) Ampangandimbolana. The light grey shade
represents the approximate extension of rainforest; major lakes and
swamps are marked in dark grey; roads and major towns/villages are
indicated on map

M. pulchra, together with the three species of Mantella exam-
ined in the present study, form a clade of closely related spe-
cies called the M. madagascariensis group (Chiari et al. 2004;
Vences et al. 2004; Vieites et al. 2006). While
M. madagascariensis and M. pulchra appear to be found
mainly in small swampy areas within their rainforest habitat,
often next to streams, M. aurantiaca, M. crocea, and
M. milotympanum are most commonly found in swamp-
forest habitats as defined above.

Although the three species examined in the present study
are collected for the pet trade, and until 2001, M. aurantiaca
was the most heavily exported frog species from Madagascar
(Rabemananjara et al. 2008a, b), there is little information on
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their natural history. Two swamp-forest species,
M. aurantiaca and M. milotympanum, are considered to be
in the Red List category “critically endangered” and one spe-
cies, M. crocea, in the “endangered” category (Andreone et al.
2005). Only recently has an up to date geographical distribu-
tion of these three species been reported, with M. aurantiaca
being found at 16 sites mostly in the Moramanga area,
M. crocea at six sites slightly north of there, and
M. milotympanum at four sites even further north (see map
in Bora et al. 2008).

The diet of the swamp frog M. aurantiaca from one site
(Torotorofotsy) has been published (Woodhead et al. 2007),
and on the basis of that study, we anticipated that the alkaloid
composition of all swamp-forest mantellid frogs in the present
study (M. aurantiaca, M. crocea, and M. milotympanum)
would be derived largely from mites. This finding was con-
firmed by the alkaloid analysis reported here, in which the
chemical structures of the alkaloids suggests they are derived
from oribatid mites.

Methods and Materials

Mantellid Frog Collections A total of 70 mantellid frogs of
three species were collected and examined in this study, in-
cluding M. aurantiaca (N=42), M. crocea (N=18), and
M. milotympanum (N=10). Mantella aurantiaca was collect-
ed from three different localities, Torotorofotsy-1 (Tor-1; N=
20), Torotorofotsy-2 (Tor-2; N=10), and Andranomena (south
of Moramanga; S. Mora; N=12), whereas M. crocea was col-
lected from Ampangadimbolana and M. milotympanum was
collected from Fierenana (Fig. 1; Online Resource 1).
Individual frogs were collected by hand, measured for snout-
to-vent length (SVL) to the nearest 0.1 mm, and sex was
determined. Voucher specimens were deposited at the
Zoological Museum Amsterdam, Netherlands; the
Université d’ Antananarivo, Département de Biologie
Animale, Madagascar; and the Zoologische Staatssammlung
Miinchen, Germany.

Individual Frog Alkaleid Extractions Individual mantellid
skin samples were stored in small plastic vials sealed with a
silicone rubber O-ring with 1 ml of methanol (hereafter, re-
ferred to as the methanolic frog skin extract). Because of the
large number of samples examined, a rapid extraction (slightly
modified from Garraffo et al. 1993a) of the samples for GC/
MS and GC-FTIR analyses was used to free the samples of
the silicone impurities and other non-alkaloid components
(e.g., fatty acids, fatty acid methyl esters, efc.), and provide
an alkaloid extract. To 1 ml of the methanolic frog skin extract,
0.05 ml of 1 M HCI were added, and the mixture was stirred
with a Vortex mixer. The extract was carefully concentrated
with a stream of nitrogen to a final volume of approximately

0.2 ml. An equal volume of H,O was added followed by
extraction with hexane (3%0.4 ml). The hexane layers were
discarded. The remaining acidic aqueous layer was adjusted to
pH>8 with saturated NaHCO; and extracted with ethyl ace-
tate (3% 0.3 ml). The combined ethyl acetate layers were dried
over anhydrous Na,SO, and the solvent was carefully evapo-
rated with nitrogen to a final volume of 0.1 ml. We estimated
that each individual skin weighed about 0.1 g, so 1 ul of this
alkaloid extract is equivalent to 1 mg of the original wet
weight of skin.

Spectral Analyses Mass spectral data [Electron Impact Mass
Spectrometry, Chemical Ionization Mass Spectrometry
(NH3;), and Chemical Ionization Mass Spectrometry (ND;)]
were obtained with a Thermo Electron Polaris Q mass spec-
trometer coupled to a Thermo Electron Focus GC. The GC
was fitted with a Restek RTX-5MS capillary column (30 m,
0.25 mmi.d, 0.25 pm film thickness), and the analysis used a
temperature program from 100 °C (1 min) to 280 °C at a rate
of 10 °C/min. Molecular weights up to about 500 amu were
detected. An approximate quantitation of alkaloids was per-
formed using total ion current intensities; however, Online
Resource 2 points out deficiencies in these analyses and sug-
gests an improved method for future work.

Vapor phase Fourier-transform infrared spectral data (GC-
FTIR) were obtained using a Hewlett-Packard model 5890
gas chromatograph, with a Phenomenex Zebron ZB-5 capil-
lary column (30 m, 0.32 mm i.d., 0.25 pwm phase-thickness),
using the same temperature program as above and interfaced
with a Hewlett-Packard model 5971 mass selective detector
(MSD) and a model 5965B (IRD) with a narrow range (4000—
750 cm ') infrared detector. A Hewlett—Packard ChemStation
was used to generate EIMS and FTIR spectra.

High resolution GC/MS data were generated with a Waters
GCT instrument coupled to a Hewlett-Packard model 6890
gas chromatograph equipped with a Restek RTX-5MS col-
umn (30 m, 0.25 mm .d, 0.25 um) using the same temperature
program as above.

Statistical Analyses Nonmetric multidimensional scaling
(nMDS) was used to graphically visualize alkaloid composi-
tion among species, among populations of the same species,
and between habitats. A one-way analysis of similarity
(ANOSIM) was used to determine statistical differences in
alkaloid composition. All nMDS plots and ANOSIM results
are based on Bray-Curtis dissimilarity matrices. See Daly et al.
(2008) and Saporito et al. (2006, 2007a, 2010) for additional
examples and discussion on the use of nMDS and ANOSIM
in the study of poison frog alkaloids. All multivariate statisti-
cal analyses were performed using the software program
PRIMER (version 5; Clark and Warwick 2001).

@ Springer



840

J Chem Ecol (2015) 41:837-847

Results

A total of 60 alkaloids (including isomers) from 14 structural
classes were detected in individual skin extracts of
M. aurantiaca (N=42; Online Resource 3, Tables S2—-S4),
M. crocea (N=18; Online Resource 3, Table S5), and
M. milotympanum (N=10; Online Resource 3, Table S6).
Structures of the most common alkaloids of each structural
class are depicted in Fig. 2. A summary of the alkaloids
detected in each species and population is presented in
Table 1. The majority of alkaloids detected were
allopumiliotoxins (aPTX), pumiliotoxins (PTX),
dehydrodesmethylpumiliotoxins (dehydrodesmethyl-PTX),
5,8-disubstituted- and 5,6,8-trisubsituted-indolizidines (5,8-I
and 5,6,8-1), dehydro-5,8-disubstitued indolizidines
(dehydro-5,8-1), 3,5-disubstituted pyrrolizidines (3,5-P), and
unclassified as to structure (unclass). Nearly all of these alka-
loid classes (74 %) have branched-carbon skeletons and are
presumed to originate from oribatid mites (Takada et al. 2005;
Saporito et al. 2007b, 2011); however, 3,5-disubsituted
pyrrolizidines, which account for 13 % of these alkaloids,
have unbranched-carbon skeletons and likely are derived from
myrmicine ants (Jones et al. 1999; Saporito et al. 2012; see
Online Resource 4 for a discussion on the potential link
between dietary preferences and alkaloid oxidation state,
double bond equivalents, and isomers). The most abundant

235C
dehydro-desMePTX

267N
desMe-hPTX

CHg
N N N
CHy  C/Hy,OH GH, CéHaOH  CHa
) CeH1oOH
cis-239K 211E
3,5-P 3,5-1 235E
’ 5,6,8-1
CHg
NOCH34
| N
H N
C,H;50H
251P 236
SpiroP
Dehydro-5,8-1 P

Fig. 2 Known chemical structures for common alkaloids present in
swamp-forest mantellids
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alkaloids were aPTX 323B, PTXs 307A and 323A, 5,6,8-1
265L, and unclass 392. Four previously unreported alkaloids
were detected, namely dehydro-5,8-1 263X, 3,5-1 (3,5-
disubstituted indolizidine) 281R, unclass 2818, and 5,6,8-1
281T. The GC retention times and spectral data for these al-
kaloids are presented in Online Resource 5.

Alkaloid composition varied among species and among
populations of the same species at different geographic loca-
tions. Alkaloid composition was significantly different among
M. aurantiaca, M. crocea, and M. milotympanum (Fig. 3;
Global R=0.58; P<0.001). A large difference in alkaloid pro-
files was observed between two species (M. crocea and
M. milotympanum). The alkaloid compositions of
M. madagascariensis of Daly et al. (2008) and
M. aurantiaca, M. crocea, and M. milotympanum of the pres-
ent study (all species of the M. madagascariensis group) var-
ied significantly between each species (Fig. 4a; Global R=
0.67; P<0.001). Data from two different populations of
M. madagascariensis from Daly et al. (2008) were included
in the analysis of Fig. 4a, one from the relatively disturbed
location of Besariaka and one from the undisturbed location of
Ranomafana. These two populations from Daly et al. (2008)
are distinguished in Fig. 4b, along with M. milotympanum.
Alkaloid composition varied significantly among each popu-
lation (Fig. 4b; Global R=0.78; P<0.001). Alkaloid compo-
sition varied significantly among the three populations
(Torotorofotsy-1, Torotorofotsy-2, and Andranomena (south
of Moramanga) of M. aurantiaca (Fig. 5; Global R=0.62;
P<0.001). A comparison of the shared and unique alkaloids
of M. aurantiaca in Torotorofotsy-1, Torotorofotsy-2, and
Andranomena are presented in the Venn diagram shown in
Fig. 6. Alkaloid composition significantly differed between
mantellids from “non-flooded” rainforest habitats
(M. baroni, M. bernhardi, and M. madagascariensis,
previously studied in Daly et al. 2008) and mantellids from
swamp-forest habitats of the present study (M. aurantiaca,
M. crocea, and M. milotympanum) (Fig. 7; Global R=0.88;
P<0.001). In the present study, there was no statistical rela-
tionship between alkaloid composition and frog size or frog
sex; however, see further discussion in Online Resource 6.

There are some specific differences between alkaloids
detected in swamp-forest frogs and those from non-
flooded rainforest (“dry-land”). For example, although
both groups of frogs contained aPTXs 305A, 305C,
321C, and 323B, ecach population also had unique
aPTXs. Three unique aPTXs were found in “dry-land”
frogs (253A, 323 J, and 325A) and two were unique to
swamp-forest frogs (337D and 339A). Many of the alka-
loids common to “dry-land” Mantella, such as the
deoxy- and dihydro-PTX classes were absent from the
swamp-forest frogs, but desmethyl PTXs were present
in swamp-forest frogs. The 1,4-disubstituted
quinolizidines and tricyclic alkaloids were absent from
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Table 1  Summary of alkaloids detected in each population of Mantella

Supplementary Table Number

Mantella species

Alkaloid class

Alkaloid

S2

M. aurantiaca

S3 S4 S5

M.crocea

Tor-1

Tor-2 S. Mora. Amp.

S6
M.milotymp.

Fierenana

PTX

aPTX

DehydrodesmethylPTX

Desmethyl-hPTX
5,8-1

Dehydro-5,8-1

5,6,8-1

3,5-1
Dehydro-3,5-1

3,5-P

s

Izidine
Pip
SpiroP

Unclass

251D
267C
277B
305D
307A
323A
379°
305A
305C
321C
323B
337D°
339A
233F
235C
267N
239C
251B
253B
267S
2691
249K
251P
263X*
265F
2518
251T
265L
267T
281T°
211E
281R*
337¢
223H
239K-—cis
239K-trans
239R
267H
211P
255C
236
252B
235Q
281J
281§*

LT T - B S T o B

X/X/X

-/-Ix/x

X/X

LT T R B

L

-/-/x X/x/x
X X

X X

X/X/X/X X/X/X/X

X

x/- X/xX X/xX

X/X

X/x X/xX

X/- X/X

X/X

-/-I%/-

X/X

X/X

X/X

X/X
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Table 1 (continued)

Supplementary Table Number S2 S3 S4 S5 S6
Mantella species M. aurantiaca M.crocea M.milotymp.
Alkaloid class Alkaloid Tor-1 Tor-2 S. Mora. Amp. Fierenana

297D X

323G X X X

392 X X X X X

434 X

Detailed information is provided in the indicated Supplementary Tables (Online Resources)

# Alkaloids reported for the first time. See Supplementary Information for structural characterization

® A dimethylsiloxane artifact from 323A
¢ A methoxy artifact derived from 323B
9 A dimethylsiloxane artifact from 281R

swamp-forest frogs. Of the fifteen 5,8-disubstituted
indolizines detected in “dry-land” frogs, only one
(253B) has been detected in the swamp-forest frogs.
Furthermore, only one unclassified alkaloid (323G) was
common to both swamp-forest and “dry-land” frogs, and
only one of the eleven 5,6,8-Is (265L) detected in “dry-
land” frogs was detected in swamp-forest frogs, whereas
swamp-forest frogs had four different 5,6,8-Is (2518,
251T, 267T, and 281T). Lastly, the dehydro-5,8-1 class
was represented by four alkaloids (206L, 207W, 245F,
and 2470) in the “dry-land” frogs, whereas four differ-
ent dehydro-5,8-Is (249K, 251P, 263X, and 265F) have
been detected in swamp-forest frogs. Only one alkaloid
of this class (265F) was common to both “dry-land” and
swamp-forest frogs.

Discussion

Differences in alkaloid composition were observed within and
among the species of Mantella examined (see nMDS plots of
Figs. 3, 4, 5 and 7). Alkaloid defenses in these mantellids are
entirely dependent on a diet of alkaloid-containing arthropods,
and it is hypothesized that differences in their chemical de-
fenses are due largely to the availability of arthropods among
geographic locations (Saporito et al. 2009). Variation in alka-
loid composition among geographic locations has been de-
scribed in other species of Mantella (see Andriamaharavo
et al. 2010; Clark et al. 2006; Daly et al. 1996, 2008;
Garraffo et al. 1993a), and appears to be a general character-
istic common to all poison frogs (see Daly et al. 2007;
Garraffo et al. 1993b; Saporito et al. 2006, 2007a, 2009,

Fig. 3 Multidimensional scaling
plot of alkaloid composition
among M. aurantiaca, M. crocea,
and M. milotympanum. Each
point represents an individual
frog, and the distance between
any two points is directly
proportional to the difference in
alkaloid composition between
these points
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Fig. 4 a. Multidimensional
scaling plot of alkaloid
composition among

M. aurantiaca, M. crocea,

M. milotympanum, and

M. madagascariensis. Each point
represents an individual frog, and
the distance between any two
points is directly proportional to
the difference in alkaloid
composition between these
points. b. Multidimensional
scaling plot of alkaloid
composition among one
population of M. milotympanum,
and two of M. madagascariensis.
Each point represents an
individual frog, and the distance
between any two points is directly
proportional to the difference in
alkaloid composition between
these points. Note: one point for
M. madagascariensis from
Besariaka represents two frogs

Fig. 5 Multidimensional scaling
plot of alkaloid composition
among three populations of

M. aurantiaca. Each point
represents an individual frog, and
the distance between any two
points is directly proportional to
the difference in alkaloid
composition between these points
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Fig. 6 Venn diagram illustrating
the alkaloids identified in three
populations of M. aurantiaca
from Andranomena (4),
Torotorofotsy-1 (B), and
Torotorofotsy-2 (C). Letter
combinations within circles (48,
AC, BC, ABC) indicate shared
alkaloids among populations. The
shared alkaloids are shown next
to the respective combination of
letters: Sites A & B share 1
alkaloid; Sites 4 & C share 3
alkaloids; Sites B & C share 8
alkaloids; Sites 4, B, & C share 9
alkaloids. Alkaloids with linear
carbon skeletons (likely derived
from myrmicine ants) are
underlined, and pumiliotoxin
(PTX) and allopumiliotoxin
(aPTX) alkaloids are in bold font

223H, 231C, 251C,
255C, 251P, 305C,
337D(1)(2)

223F, 239K(3),
239R, 251B(1)(2),
251D, 253B,

267L(1)(2), 2678,
267T, 2691, 281R

233F,

293C(2) 235C(1)(2),

235C(3)(4), 2528

239C(1),

239K(1)(2),

307A, 323A,

323B, 339A,

379, 392

267C, 267N, 277B, 305A,
305D, 323G, 337D(3), 434

235Q(1)(2), 249K,
251T, 263T, 267D,
265F, 2814, 281P,
281Q, 337

2012; Smith et al. 2002 and references therein). Additional
research on the availability and distribution of arthropods
among different habitats is necessary to understand this com-
plex relationship in mantellid frogs as well as other poison
frogs.

Interestingly, some dietary studies of mantellid frogs have
reported that ants represent a major food source for certain
species (Clark et al. 2005; Vences and Kniel 1998; Vences
et al. 1998). Vences and Kniel (1998) studied the stomachs
of seven M. haraldmeieri, three M. nigricans, four

M. laevigata, and one M. ebenaui (as M. betsileo), and report-
ed ants as prevalent prey in all of these species, with an overall
numeric proportion of 74 %. Additionally, Clark et al. (2005)
reported that ants accounted for the majority of arthropods
identified in stomach contents of populations of M. baroni,
M. bernhardi, and M. madagascariensis (ranging from 51 %
to 80 % of the total arthropods present, depending on the
species/population); however, most of these ants belonged to
the genus Pheidole, which to date, has not been shown to
contain alkaloids in the New World tropics or Madagascar.

Fig. 7 Multidimensional scaling
plot of alkaloid composition
between mantellids from swamp-
forest (M. aurantiaca, M. crocea,
and M. milotympanum) and non-
flooded rainforest (M. baroni,

M. bernhardi, and

M. madagascariensis) habitats
(data for the latter species from
Daly et al. 2008a). Each point AN
represents an individual frog, and
the distance between any two
points is directly proportional to
the difference in alkaloid
composition between these points
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Currently, the only detailed study of diet in M. aurantiaca
(collected earlier at the present Tor-1 site) reported a low pro-
portion of ants present in stomach contents (14 % of total
arthropods present; Woodhead et al. 2007). The ants con-
sumed by M. aurantiaca consisted largely of Pheidole and
Monomorium species. It should be noted that alkaloids have
only been detected in members of the genus Monomorium from
the New World and mainland Africa (Jones et al. 1999, 2003).
Although it is likely that Madagascan Monomorium will con-
tain unbranched alkaloids common to this genus, to the best of
our knowledge, Monomorium have not been examined for al-
kaloids in Madagascar. Interestingly, an examination of the
alkaloid structures present in these species of mantellids sug-
gests a minor contribution of alkaloids from ants, as compared
to oribatid mites (see Supplementary Information of Clark et al.
2005 and Supplementary Information of Daly et al. 2008).
Collectively, these findings suggest that although ants are con-
sumed by mantellids, they do not appear to be a major source of
alkaloids — in particular, species that consume a large propor-
tion of ants do not necessarily contain a large amount or high
diversity of ant-derived alkaloids (Clark et al. 2005; Daly et al.
2008; present study).

Ant-derived alkaloids appear to be a minor contribution to
the sequestered alkaloids of M. baroni, M. bernhardi, and
M. madagascariensis (Daly et al. 2008), and contribute even
less to the swamp-forest species M. aurantiaca, M. crocea,
and M. milotympanum in the present study. Although the ma-
jority of alkaloids in members of the genus Mantella (includ-
ing those examined here) appear to arise from oribatid mites,
this does not appear to translate into mites being the most
abundant arthropods in the stomach contents of mantellid spe-
cies examined thus far. Vences and Kniel (1998) found that
mites constituted only 2 % of all prey. Clark et al. (2005)
reported that Acari represented 12 % of the total arthropods
present in stomach contents of populations of M. baroni,
M. bernhardi, and M. madagascariensis (ranging from 6 %
to 29 % of the total arthropods present, depending on the
species/population), and Woodhead et al. (2007) reported that
Acari represented 23 % of the arthropods present in stomach
contents of M. aurantiaca but only 5 % of the volume. We
note that Acari is a large taxonomic group that also includes
non-oribatid mites, and currently, alkaloids have been detected
only in oribatid mites (Saporito et al. 2007b, 2009, 2011).
Future studies on the stomach contents of mantellids and other
poison frogs should aim to improve the taxonomic resolution
of Acari. Although Acari (presumably including oribatid
mites) may not always represent the largest number of prey
items in mantellids and may make an even smaller contribu-
tion to prey volume, they may be a dietary source rich in
alkaloids, whereas ants may be a small source of alkaloids
but a major source of nutrition.

Our findings of few alkaloids with unbranched-carbon
skeletons in the swamp-forest frogs suggest that ant prey is

not an important source of alkaloids in these mantellids. In
carlier studies of riparian or forest-inhabiting Madagascan
frogs (e.g., Daly et al. 1996, 2008; Garraffo et al. 1993a), only
a small number of alkaloids suspected to originate from ants
were present in frog skins. The limited number of ant alkaloids
is even more pronounced in the swamp-forest frogs examined
here. Of the frogs examined, only one 3,5-I (211E) and six 3,
5-Ps [233H, cis/trans 239K (3 isomers), 239R, and 267H]
were detected among the 60 total alkaloids from all three
species, representing the only suspected ant alkaloids. Only
two of these pyrrolizidines, 239K (one stereoisomer) and
267H, have been detected in previous studies of Mantella
from non-flooded rainforests (Daly et al. 2008). The 3,5-Is
detected in previous studies of “dry-land” mantellids, 249A
and 275C, are absent in swamp-forest frogs. However, sub-
stantial amounts of the 3,5-1 211E and 3,5-P 267H were de-
tected in the swamp-forest frog M. milotympanum in the pres-
ent study, suggesting that ant alkaloids can (in some cases)
contribute significantly to the alkaloid composition of certain
mantellid populations. In general, however, putative ant-
derived alkaloids are poorly represented in the skin alkaloids
of swamp-forest frogs, and the majority of alkaloids are most
likely derived from oribatid mites.

A significant difference in alkaloid composition was ob-
served among the populations of M. aurantiaca, M. crocea,
and M. milotympanum examined (Table 1; Online Resource 3,
Tables S2-S6; Fig. 3). A study based on mitochondrial and
nuclear DNA sequences revealed that M. crocea and
M. milotympanum are closely related species, and possibly
even conspecifics (Chiari et al. 2004). Although closely relat-
ed, these two species have only four alkaloids in common
[aPTX 323B, 5,8-1 239C (2 isomers), and unclassified 392;
see Table 1]. The nMDS plot in Fig. 3 reflects the detection of
up to twice the number of alkaloids (24) in M. milotympanum
compared to that of M. crocea. A more recent study based on
mitochondrial DNA sequences has confirmed that
M. aurantiaca and M. madagascariensis also are closely re-
lated within the M. madagascariensis group (Vieites et al.
2009); however, these two species have no alkaloids in com-
mon (data from Table 1 and Daly et al. 2008). A comparison
of alkaloids among all members of the M. madagascariensis
group (with the exception of M. pulchra, for which no alkaloid
data are available) illustrates that these species differ signifi-
cantly from one another in alkaloid composition (Fig. 4a, b).
These findings indicate that alkaloid composition varies great-
ly among mantellid species, including closely related species,
further confirming that alkaloids are not reliable taxonomic
markers for mantellids.

A significant difference in alkaloid composition was ob-
served even among the populations of M. aurantiaca at
Torotorofotsy-1 (“Tor-17), Torotorofotsy-2 (“Tor-2”), and
Andranomena (“S. Mora”, south of Moramanga; Online
Resource 3, Tables S2—-S4; Figs. 5 and 6). The nMDS plot
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in Fig. 5 graphically illustrates that individuals from Tor-1 and
Tor-2 share more alkaloids with each other than they do with
individuals from S. Mora. Alkaloid composition in
M. aurantiaca skins, however, did differ significantly between
Tor-1 and Tor-2, two populations that are virtually sympatric,
being separated by only a small distance. These data suggest
that the availability of alkaloid-containing arthropods appears
to be important on both small and large spatial scales (also see
Daly et al. 2008; Saporito et al. 2006, 2007a). The similarities
and differences in alkaloids among the three populations of
M. aurantiaca can be visualized in the Venn diagram in Fig. 6.
Most of the alkaloids detected in these three populations have
branched-carbon skeletons and likely are derived from oriba-
tid mites (Saporito et al. 2007b, 2011).

In summary, in an attempt to further understand the impor-
tance of differences in habitat in explaining the variation in
alkaloid composition common to all poison frogs (including
mantellids), we compared alkaloid composition between the
swamp-forest inhabiting species of the present study
(M. aurantiaca, M. crocea, M. milotympanum) and the
rainforest species examined previously (Daly et al. 2008;
M. baroni, M. bernhardi, M. madagascariensis). The alkaloid
composition of species found in swamp-forest habitat was
significantly different than that of species found in non-
flooded rainforest habitats (see nMDS plot in Fig. 7), and there
were differences in alkaloid composition among species (and
populations; see nMDS plots of Figs. 3, 4 and 5 and Daly et al.
2008). These results suggest that even subtle differences in
habitat (and the associated changes in arthropods) may be an
important factor in explaining the observed differences in al-
kaloid composition among species and populations of
mantellid frogs, and likely other poison frogs as well (for
further discussion, see Online Resource 6). The abundance
of arthropods is known to vary with habitat due to a variety
of factors (e.g., differences in forest and vegetation type, forest
succession, frequency and type of disturbance, and season),
and therefore the proportion of alkaloid-containing arthropods
is expected to differ among habitats (see Daly et al. 2008 and
Saporito et al. 2007a, 2009 for further discussion). These dif-
ferences in arthropod availability presumably translate into the
variation in alkaloid composition observed in mantellids and
other poison frogs. Still, in the particular case of Mantella, we
cannot fully exclude that a phylogenetic component (a seques-
tering mechanism or preference for certain prey) might con-
tribute to the differences observed, given that the three species
of swamp-forest frogs studied herein all are close relatives
(Chiari et al. 2004); however, the differences between the
three swamp-forest frog species in the present study and their
equally close relatives, M. madagascariensis and M. pulchra
from non-flooded rainforest supports habitat-related differ-
ences in arthropod communities as the primary driver of these
differences. Future studies should be aimed at understanding
the differences in the availability of alkaloid-containing
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arthropods among habitats, particularly the less commonly
studied oribatid mites.
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