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a b s t r a c t
The International Union for Conservation of Nature (IUCN) Endangered Cape Platanna Xenopus gilli inhabits disjunct ranges at the tip of Cape Peninsula and near the town of Kleinmond on opposite sides of False
Bay in the extreme southwest of Africa. Peptidomic analysis of host-defense peptides in norepinephrinestimulated skin secretions from frogs from the Cape Peninsula range resulted in the identiﬁcation of
two magainins, two peptide glycine–leucine–amide (PGLa) peptides, two xenopsin-precursor fragment
(XPF) peptides, nine caerulein-precursor fragment (CPF) peptides, and a peptide related to peptide
glycine–glutamine (PGQ) previously found in an extract of Xenopus laevis stomach. The primary structures of the peptides indicate a close phylogenetic relationship between X. gilli and X. laevis but only
magainin-1, PGLa and one CPF peptide are identical in both species. Consistent with previous data, the
CPF peptides show the greatest antimicrobial potency but are hemolytic. There are appreciable differences
in the expression of host-defense peptide genes in frogs from the population of animals sampled near
Kleinmond as peptides corresponding to magainin-G2, XPF-G1, XPF-G2, and four CPF peptides, present
in secretions from the Cape Peninsula frogs, were not identiﬁed in the skin secretions from Kleinmond
frogs. Conversely, PGLa-G3, XPF-G3, and three CPF peptides were identiﬁed in the Kleinmond frogs but
not in the Cape Peninsula animals. The data support the conclusion from morphometric analyses and
comparisons of the nucleotide sequences of mitochondrial genes that the disjunct populations of X. gilli
have undergone appreciable genetic, morphological, and phenotypic divergence.
© 2014 Elsevier Inc. All rights reserved.

Introduction
Skin secretions from several species of Anura (frogs and toads)
contain peptides, often in very high concentrations, with cytotoxic
activities against prokaryotic and eukaryotic cells [3]. These peptides are usually identiﬁed on the basis of their ability to inhibit
the growth of bacteria and so are most commonly referred to as
antimicrobial peptides. However, more recent work has shown
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that these compounds are multifunctional, displaying anti-cancer,
anti-viral, chemoattractive, and insulin-releasing properties as well
as cytokine-mediated immunomodulatory activities (reviewed in
[6]). Consequently, it is more informative to refer to them by the
more general term host-defense peptides.
Skin secretions of clawed frogs belonging to the family Pipidae have proved to be a particularly rich source of host-defense
peptides [4]. The Pipidae currently comprise 33 well-characterized
species distributed in ﬁve genera: Hymenochirus, Pipa, Pseudhymenochirus, Silurana, and Xenopus [15]. All are found in Africa,
south of the Sahara, except for members of the genus Pipa which
are found in South America. The widely distributed common
clawed frog Xenopus laevis was among the ﬁrst amphibian species
in which host-defense peptides with cytotoxic activities were
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identiﬁed [16,17,40]. Analysis of X. laevis skin secretions has led to
the isolation and characterization of magainin-1 and -2, peptides
that are encoded by the same gene [40], peptide glycine–leucineamide (PGLa), xenopsin-precursor fragment (XPF) peptides derived
from the post-translational processing of the biosynthetic precursors of xenopsin, and multiple caerulein-precursor fragment
(CPF) peptides derived from the post-translational processing of the
biosynthetic precursors of caerulein [16]. Although these peptides
do not contain conserved amino acid sequences that determine biological activity, they are cationic (a charge of between +2 and +7 at
pH 7), contain between 40 and 70% hydrophobic amino acids, and
have the propensity to adopt an amphipathic ␣-helical conformation over at least part of their structures in a membrane-mimetic
solvent such as 50% triﬂuoroethanol–water or in the presence of a
phospholipid vesicle [3,39].
More recently, host-defense peptides belonging to these families have been isolated from norepinephrine-stimulated skin
secretions from other species within the Xenopus genus, notably
the tetraploid frogs Xenopus borealis, Xenopus clivii, Xenopus fraseri,
Xenopus muelleri, Xenopus petersii, Xenopus pygmaeus, and Xenopus victorianus and the octoploid frogs Xenopus amieti, Xenopus
andrei, Xenopus lenduensis, Xenopus vestitus, and Xenopus wittei
(reviewed in [4,5]). Host-defense peptides have also been isolated
from laboratory-generated F1 hybrids of X. laevis × X. muelleri [29]
and X. laevis × X. borealis [30] and from representatives of the genera Silurana [7], Hymenochirus [23,31] and Pseudhymenochirus [8].
Frogs from the genus Pipa do not appear to produce the cationic,
␣-helical peptides found in skin secretion of species from the other
Pipidae genera [3,22].
In common with other clawed frogs, the Cape Platanna X. gilli
Rose and Hewitt, 1927 is predominantly aquatic and inhabits
undisturbed lowland blackwater pools characteristic of the fynbos
biome. The species is strongly acidophilic and larvae are particularly intolerant of alkaline substrates [34]. Although believed to
be once more widely distributed throughout the Cape Flats region
in the southwest region of South Africa, X. gilli is now conﬁned in
a few scattered ponds in three disjunct ranges [14,35]. These are
located at the tip of the Cape Peninsula and at two sites to the east
at opposite side of False Bay near the towns of Kleinmond and Pearly
Beach. X. gilli is classiﬁed as Endangered by the International Union
for Conservation of Nature (IUCN) Red List [37]. The species does
not tolerate of alteration of habitat and loss of range due to urbanization, pollution from agricultural run-off, and invasion by X. laevis
and alien plants have contributed to population declines.
Even though the Cape Peninsula and Kleinmond ranges are less
than 100 km apart, there is evidence from morphometric and genotyping data that the two populations of X. gilli have undergone
appreciable divergence since their time of separation. Animals from
the Cape Peninsula range have signiﬁcantly broader and higher
heads and shorter limbs than those from the Kleinmond population
and differences in color and lateral line patterning on their ventral
surfaces are apparent [14]. Comparisons of nucleotide sequences
of mitochondrial genes have demonstrated a 3.6% patristic divergence between the two groups that is ﬁxed in each population [12].
The magnitude of this divergence is comparable to that seen in the
same region of mitochondrial DNA between sister-group species
within the genus, for example X. vestitus and X. lenduensis [10]. A
later study involving two molecular markers (ND2 and 16S) provided an estimated divergence time between the Cape Peninsula
and eastern populations within the Pliocene (4.6 Mya with a 95%
conﬁdence interval from 3.2 to 6.4 Mya) [14]. In contrast, there was
no indication from morphometric or molecular analyses that the
populations from Kleinmond and Pearly Beach, on the same side of
False Bay, represented separate populations [14].
The aim of the present study was to use peptidomic
analysis (reversed-phase HPLC coupled with MALDI-TOF mass
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spectrometry) to identify and characterize the host-defense peptides in norepinephrine-stimulated skin secretions of X. gilli
inhabiting the Cape Peninsula and the Kleinmond ranges. There is
no universally accepted nomenclature for designating antimicrobial peptides from frogs of the Pipidae family and so the peptides
described in this study are classiﬁed according to the terminology used previously for peptides from X. laevis [16]. The magainin,
PGLa, CPF, and XPF peptide families are recognized. The species
origin is denoted by G for gilli. Peptides from paralogous genes are
differentiated by numerals e.g. magainin-G1 and magainin-G2.
Experimental
Collection of skin secretions
A permit to collect X. gilli specimens in the Western Cape
Province was issued by CapeNature (permit No. AAA007-000920056). All experiments with live animals were approved by the
Animal Research Ethics committee of U.A.E. University (Protocol
No. A21-09) and were carried out by authorized investigators.
Adult and sub-adult X. gilli from the Cape Peninsula range (n = 8;
all female; weight range 8–18 g) were collected at three ponds in
the Cape of Good Hope Nature Reserve within the Table Mountain
National Park in October 2013. These ponds are monitored on a
continuous basis by members of the National Park staff and any X.
laevis are removed. The X. gilli individuals could be clearly differentiated from X. laevis on the basis of morphology, and their identity
was conﬁrmed by taking the second phalange of the right hind
foot of each individual, as previously described [14], for subsequent
genotyping. Adult and sub-adult X. gilli from the Kleinmond range
(n = 10; 8 female; weight range 8–18 g) were collected at Lamloch
Pond, Kleinmond in October 2013. This pond contained both X. gilli,
and X. laevis, and probably X. gilli × X. laevis hybrids that cannot be
unambiguously identiﬁed by morphological criteria. Consequently,
the second phalange of the right hind foot of each individual was
also clipped for subsequent genotyping.
Each animal was injected via the dorsal lymph sac with norepinephrine hydrochloride (40 nmol/g body weight) and placed in a
solution (50 mL) of distilled water for 15 min. The frog was removed
and the collection solution was acidiﬁed by addition of concentrated hydrochloric acid (0.5 mL) and immediately frozen for
transport to U.A.E. University. All animals were released unharmed
at the exact site of collection within 24 h. The solutions containing the secretions from the Cape Peninsula group were pooled and
passed at a ﬂow rate of 2 mL/min through 8 Sep-Pak C-18 cartridges
(Waters Associates, Milford, MA, USA) connected in series. Bound
material was eluted with acetonitrile/water/triﬂuroacetic acid, TFA
(70.0:29.9:0.1, v/v/v) and freeze-dried. Full details of the procedure
have been provided [2]. The secretions from one female and one
male frog from the Kleinmond range were separately passed at a
ﬂow rate of 2 mL/min through 6 Sep-Pak C-18 cartridges connected
in series. Bound material was eluted with acetonitrile/water/TFA
(70.0:29.9:0.1, v/v/v) and freeze-dried.
X. gilli genotyping
As recent studies have documented occurrence of X. laevis × X.
gilli hybrids at both collection sites [14], it was necessary to
sequence both mitochondrial (mt) and nuclear (n) DNA markers
on all animals sampled for this study to conﬁrm that no cryptic
hybrids were present. In addition to the animals in this study, a tissue sample from a known hybrid and a X. laevis individual were used
to validate the technique. Total genomic DNA was extracted from
toe-clips using a standard salt extraction, and mtDNA sequences
of ND2 were produced using the exact same protocols detailed
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separately chromatographed on the preparative Vydac 218TP1022
(C-18) reversed-phase HPLC column under the same conditions
used for secretions from the Cape Peninsula frogs. Host-defense
peptides from the female frog were puriﬁed to near homogeneity on semipreparative Vydac C-4 and C-8 columns as previously
described.
Structural characterization
The primary structures of the peptides were determined by
automated Edman degradation using an Applied Biosystems model
494 Procise sequenator (Foster City, CA, USA). MALDI-TOF mass
spectrometry was carried out using a Voyager DE-PRO instrument
(Applied Biosystems) that was operated in reﬂector mode with
delayed extraction and the accelerating voltage in the ion source
was 20 kV. The instrument was calibrated with peptides of known
molecular mass in the 2–4 kDa range. The accuracy of mass determinations was ±0.02%.
Fig. 1. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions from X. gilli from the Cape Peninsula range after partial puriﬁcation on Sep-Pak
cartridges. The peaks designated 1–16 contained host-defense peptides and were
puriﬁed further. The dashed line shows the concentration of acetonitrile in the
eluting solvent.

Antimicrobial and hemolytic activities

elsewhere [14]. In addition, two nDNA markers were sequenced:
recombination activation gene 2 (RAG-2) and androgen receptor
hypervariable region (ARHR) [9]. The following primer sets were
used for ARHR (forward 5 ATGGCGGTGCA CATAGGGCT 3 ; reverse
5 CGGGGGTCTCTTCGCTCTCCA 3 ) and RAG-2 (forward 5 ACCTACACAGTTGCTGTGATG 3 ; reverse 5 CCCATATCAG CACCAAACC 3 ).
25 L reaction mixtures were ampliﬁed with standard PCR conditions. Electrophoresis was used to examine the quality of PCR
products on a 2% agarose gel stained with Goldview and the high
quality products were analyzed on an ABI Prism 3100 or 3130 XL 16capillary genetic analyzer (Applied Biosystems). Sequences of each
gene were aligned using Geneious Pro (v. 5.0.4), and the alignment
was used to determine the genotype of the individuals sampled.

Reference strains of microorganisms were purchased from the
American Type Culture Collection (Rockville, MD, USA). Minimum inhibitory concentrations (MIC) of the puriﬁed peptides
against reference strains of Staphylococcus aureus (ATCC 25923)
and Escherichia coli (ATCC 25726) were measured in the concentration range of 3–80 M by a standard microdilution method [1] and
were taken as the lowest concentration of peptide where no visible
growth was observed. The values were conﬁrmed by measurement
of absorbance at 630 nm using a microtiter plate reader. In order
to monitor the validity and reproducibility of the assays, incubations were carried out in parallel with increasing concentrations of
ampicillin as previously described [6].
Hemolytic activity against human erythrocytes taken from a
healthy donor was measured as previously described [7]. The LC50
value was taken as the mean concentration of peptide producing
50% hemolysis in two incubations carried out in duplicate.

Peptide puriﬁcation

Results

The freeze-dried skin secretions from the Cape Peninsula group
of frogs, after partial puriﬁcation on Sep-Pak cartridges, were
redissolved in 0.1% (v/v) TFA/water (4 mL) and injected onto a
(2.2 cm × 25 cm) Vydac 218TP1022 (C-18) reversed-phase HPLC
column (Grace, Deerﬁeld, IL, USA) equilibrated with 0.1% (v/v)
TFA/water at a ﬂow rate of 6.0 mL/min. The concentration of acetonitrile in the eluting solvent was raised to 21% (v/v) over 10 min
and to 63% (v/v) over 60 min using linear gradients. Absorbance
was monitored at 214 nm and fractions (1 min) were collected
using a Gilson 201 fraction collector. Previous studies with skin
secretions from Xenopus species have shown that, under the
standardized conditions of chromatography shown in Fig. 1, the
relatively hydrophobic host-defense peptides are eluted from a
preparative C-18 column at concentrations of acetonitrile >38%.
Consequently, all major peaks with retention times >34 min were
analyzed by MALDI-TOF mass spectrometry. Peptides with molecular masses in the range 1500–3000, which encompasses the
mass range of the host-defense peptides previously isolated from
other Xenopus species, were identiﬁed and subjected to further
puriﬁcation. Peptides in this mass range were successively chromatographed on a (1.0 cm × 25 cm) Vydac 214TP510 (C-4) column
and a (1.0 cm × 25 cm) Vydac 208TP510 (C-8) column. The concentration of acetonitrile in the eluting solvent was raised from 21% to
56% over 50 min and the ﬂow rate was 2.0 mL/min.
Skin secretions from the female and male frogs from the Kleinmond range, after partial puriﬁcation on Sep-Pak cartridges, were

X. gilli genotyping
Sequences of the mtDNA gene ND2 were obtained for all X.
gilli sampled as well as the additional X. laevis and known hybrid
individual. These gave 900 bp sequences that directly aligned to
haplotypes in previous studies [14]. No mtDNA sequences of X. laevis were found in any of the animals with morphology of X. gilli
from either site sampled. However, the sequences from both the
hybrid and X. laevis were found closely matched (>98% alignment)
to the X. laevis ND2 region of Genbank accession HM991335. The
nDNA sequences provided 335 bp and 900 bp for ARHR and RAG-2,
respectively. The known hybrid showed intermediate base pairs at
all sites where X. laevis differed from X. gilli. However, no X. gilli animals sampled from either site showed this pattern of hybridization.
The combined results from both mtDNA and nDNA lead to the conclusion that none of the animals sampled from either population
were hybrids, and that all could be considered pure bred X. gilli.
Puriﬁcation of the peptides from frogs of the Cape Peninsula range
The pooled skin secretions from the Cape Peninsula frogs,
after partial puriﬁcation on Sep-Pak C-18 cartridges, were chromatographed on a Vydac C-18 preparative reversed-phase HPLC
column (Fig. 1). The prominent peaks designated 1–16 were collected and subjected to further puriﬁcation. Subsequent structural
analysis demonstrated that peak 1 contained magainin-G1(1–21),
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peak 4: CPF-G2(1–17), peak 5: XPF-G3, peak 6: CPF-G2, peak 7:
CPF-G3, peak 8: CPF-G5, peak 9: CPF-G6, peak 10: CPF-G10, peak
11: CPF-G11, peak 12: CPF-G9, peak 13: CPF-G12, and peak 14: PGQG1. The peptides were puriﬁed to near homogeneity, as assessed by
a symmetrical peak shape and mass spectrometry, by further chromatography on semipreparative Vydac C-4 and Vydac C-8 columns
(chromatograms not shown).
The elution proﬁle of skin secretions from the male Kleinmond
frog obtained under the same conditions of chromatography used
for the female frog is shown in Fig. 2B. A comparison of this chromatogram with that shown in Fig. 2A indicates that, while the
two proﬁles are not completely superimposable, there is no major
difference in the distribution of the peaks in the region of the chromatogram in which the host-defense peptides are eluted (between
40 and 70 min). Peptides from the male frog were not analyzed
further.
Structural characterization

Fig. 2. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from (A) a female and (B) a male X. gilli from the Kleinmond range after partial puriﬁcation on Sep-Pak cartridges. The peaks designated 1–14 contained host-defense
peptides and were puriﬁed further. The dashed line shows the concentration of
acetonitrile in the eluting solvent.

peak 2: magainin-G1, peak 3: magainin-G2, peak 4: PGLaG1 + PGLa-G2, peak 5: XPF-G1, peak 6: XPF-G2, peak 7: CPF-G1,
peak 8: CPF-G2, peak 9: CPF-G3, peak 10: CPF-G4, peak 11: CPFG5, peak 12: CPF-G6, peak 13: CPF-G7, peak 14: CPF-G8, peak
15: CPF-G9, and peak 16: PGQ-G1. The peptides were puriﬁed to
near homogeneity, as assessed by a symmetrical peak shape and
mass spectrometry, by further chromatography on semipreparative Vydac C-4 and Vydac C-8 columns (chromatograms not
shown). The approximate ﬁnal yields of the more abundant puriﬁed peptides (nmol), isolated from 8 frogs, were magainin-G1 1655,
PGLa-G2 440, XPF-G1 205, CPF-G2 30, CPF-G3 230, CPF-G4 105,
CPF-G5 45, and CPF-G6 490. The yields of all other peptides were
<30 nmol.
Puriﬁcation of the peptides from frogs of the Kleinmond range

The primary structures of the antimicrobial peptides isolated
from skin secretions were established by automated Edman degradation and their complete primary structures are shown in Fig. 3.
MALDI-TOF mass spectrometry was used to conﬁrm the proposed
structures and to demonstrate that PGLa-G1, -G2, and -G3 are Cterminally ␣-amidated. It is probable that the truncated peptides
magainin-G1(1–21), CPF-G2(1–17) and CPF-G5(1–17) represent
fragments arising from proteolytic cleavage of the corresponding
larger peptides rather than the products of separate genes. CPF-G2
differs from CPF-G3, CPF-G7 differs from CPF-G8, and CPF-G11 differs from CPF-G12 by the single substitution Gln → Glu. It is possible
that this change in amino acid sequence occurred through artifactual hydrolysis of the glutamine residue during the collection and
puriﬁcation procedures. However, CPF-G3 containing a C-terminal
Glu residue was isolated in much higher yield than CPF-G2 containing a C-terminal Gln residue suggesting that the peptides are
probably products of separate genes. It should be pointed out that
it is not possible to differentiate EQ from QE at C-terminus of a peptide by MALDI-TOF mass spectrometry or amino acid composition
analysis and so there is some uncertainty in the assignment of EQ
at the C-terminus of CPF-G3, -G8, -G10, and -G11 as the amounts
of the amino acid phenylthiohydantoin derivatives detected were
very low.
Antimicrobial and hemolytic activities
The abilities of the most abundant peptides in the skin secretions
of the Cape Peninsula frogs to inhibit the growth of reference strains
of the Gram-positive bacterium S. aureus and the Gram-negative
bacterium E. coli are compared in Table 1. The CPF peptides CPF-G4
and CPF-G6 were the most potent against both microorganisms,
particularly S. aureus (MIC = 10 M) but showed moderately high
Table 1
Minimum inhibitory concentrations (M) against microorganisms and hemolytic
activities (LC50 (M) against human erythrocytes of the endogenous peptides isolated from skin secretions of X. gilli from the Cape Peninsula range.
E. coli

The skin secretions from the female Kleinmond frog, after partial puriﬁcation on Sep-Pak C-18 cartridges, were chromatographed
on a Vydac C-18 preparative reversed-phase HPLC column using
the same experimental conditions as for secretions from the Cape
Peninsula frogs (Fig. 2A). The prominent peaks designated 1–14
were collected and subjected to further puriﬁcation. Subsequent
structural analysis demonstrated that peak 1contained magaininG1, peak 2: PGLa-G1 + PGLa-G2, peak 3: PGLa-G3 + CPF-G5(1–17),

Magainin-G1
PGLa-G2
XPF-G1
CPF-G2
CPF-G3
CPF-G4
CPF-G5
CPF-G6
ND: not determined.

80
40
80
80
80
40
80
40

S. aureus
>80
80
>80
20
20
10
10
10

LC50
>160
>160
>160
ND
85
35
ND
60
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Cape
Kleinmond
Peninsula

Mr obs

Mr obs

Mr calc

Magainin-G1(1-21) GIGKFLHSAGKFGKAFVGEIM

2194.2

ND

2194.2

Magainin-G1

GIGKFLHSAGKFGKAFVGEIMKS

2409.5

2409.3

2409.3

Magainin-G2

GIKEFVHSLGKFGKAFVGGILNQ

2446.5

ND

2446.4

PGLa-G1

GMASKAGAIAGKIAKVALKALa

1968.2

1968.3

1968.2

PGLa-G2

GMASKAGAIAGKIAKVALKAVa

1954.6

1954.2

1954.2

2039.4

2039.2

a

PGLa-G3

GMASKAGAIAGKLAKVAIKAAL

ND

XPF-G1

GWASKIGQTLGKMAKVGLQELIQPK

2681.5

ND

2681.5

XPF-G2

GWASKIGQTLGKMAKVGLEELIQPK

2682.4

ND

2682.5

XPF-G3

GWASKIGETLGKMAKVGLEELIEPK

ND

2684.7

2684.5

CPF-G1

GFGSFLGKALKAGLKIGANLLGGAPQQ

2613.6

ND

2613.5

CPF-G2

GFGSFLGKALKAALKIGANALGGAPQQ

2585.3

2586.5

2585.5

CPF-G2(1-17)

GFGSFLGKALKAALKIG

ND

1678.2

1678.0

CPF-G3

GFGSFLGKALKAALKIGANALGGAPEQ

2586.7

2587.4

2586.5

CPF-G4

GFGSVLGKLFKTAVKIIPSLLPSKQE

2757.5

ND

2757.6

CPF-G5

GLASFLGKALKAGLKIGANLLGGAPQQ

2593.1

2594.3

2593.5

CPF-G5(1-17)

GLASFLGKALKAGLKIG

ND

1643.9

1644.0

CPF-G6

GFGSFLGKALKAALKVGANMLGGAPQQ

2631.6

2631.8

2631.4

CPF-G7

GLASLLGKALKAGLKIGANLLGGAPQQ

2559.5

ND

2559.5

CPF-G8

GLASLLGKALKAGLKIGANLLGGAPEQ

2560.5

ND

2560.5

CPF-G9

GFGSFLGKALKAALKVGADMLGGAPQQ

2632.4

2632.4

2632.4

CPF-G10

GFGSFLGKALKAALKVGADMLGGAPEQ

ND

2633.2

2633.4

CPF-G11

GLASFLGKALKAGLKIGADLLGGAPEQ

ND

2595.5

2595.8

CPF-G12

GLASFLGKALKAGLKIGADLLGGAPEE

ND

2596.8

2596.8

PGQ-G1

GVLSNIVGYLKKLGTGVVSNLLQQ

2500.8

2500.6

2500.4

ND not detected
Fig. 3. Amino acid sequences, observed molecular masses (Mr obs), and calculated molecular masses (Mr calc) of the host-defense peptides isolated from skin secretions of
female X. gilli from the Cape Peninsula and Kleinmond ranges.

hemolytic activity against human erythrocytes (LC50 = 35 M for
CPF-G4 and LC50 = 60 M for CPF-G6).
Discussion
This study has provided support for the claim that populations of X. gilli occupying non-contiguous ranges on opposite sides
of False Bay have undergone appreciable genetic and phenotypic
divergence. Peptidomic analysis has been used to identify and characterize multiple peptides belonging to magainin, PGLa, CPF, and
XPF families from skin secretions of frogs inhabiting both ranges.
In addition, a peptide with limited amino acid sequence similarity to peptide glycine–glutamine (PGQ), previously identiﬁed only
in an extract of the stomach of X. laevis [32], was isolated from
secretions of frogs from both ranges. X. laevis PGQ shows broadspectrum, albeit weak, antimicrobial activity [32]. A comparison
of the chromatograms of skin secretions of female frogs from the

Cape Peninsula (Fig. 1) and Kleinmond (Fig. 2A) ranges reveals
deﬁnite differences in the distribution of host-defense peptides.
Although the female X. gilli from both the Cape Peninsula and
Kleinmond ranges are signiﬁcantly larger than males in the same
population, comparison of the chromatograms shown in Fig. 2A
(Kleinmond female) and Fig. 2B (Kleinmond male) does not indicate any major sexual dimorphism in the distribution of peptides in
skin secretions of this species. Comparing of the primary structures
of the host-defense peptides from frogs from both ranges (Fig. 3)
conﬁrms that the two populations are associated with an appreciably different spectrum of these peptides. Magainin-G2, XPF-G1,
XPF-G2, CPF-G1, CPF-G4, CPF-G7, and CPF-G8 are present in secretions from the Cape Peninsula frogs but were not identiﬁed in
the skin secretions from Kleinmond frogs. Conversely, PGLa-G3,
XPF-G3, CPF-G10, CPF-G11, and CPF-G12 are present in secretions from the Kleinmond frogs but not from the Cape Peninsula
animals.
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Magainin
X. gilli-1
X. laevis-1

GIGKFLHSAGKFGKAFVGEIMKS
-----------------------

X. gilli-2
X. laevis-2

GIKEFVHSLGKFGKAFVGGILNQ
--GK-L--AK--------E-M-S

PGLa
X.
X.
X.
X.

gilli-1
gilli-2
gilli-3
laevis

GMASKAGAIAGKIAKVALKA*L
--------------------*V
------------L----I--A--------------------*-

XPF
X. gilli-1
X. gilli-2

GWASKIGQTLGKMAKVGLQELIQPK
------------------E------

X. gilli-3
X. laevis-1
X. laevis-2

GWASKIGETLGKMAKVGLEELIEPK
------------I-----K-----------------I------G-M---

PGQ
X. gilli
X. laevis

GVLSNIVGYLKKLGTGVVSNLLQQ
-----VI---------ALNAV-K-

CPF
X.
X.
X.
X.
X.
X.
X.
X.
X.
X.
X.
X.

gilli-1
gilli-2
gilli-3
gilli-4
gilli-6
gilli-9
gilli-10
laevis-2
laevis-3
laevis-6
laevis-5
laevis-7

GFGSFLGKALKAGLKIGANLLGGAPQQ
------------A------A------------------A------A-----E----V---LF-TAV--IPS--PSKQE
------------A--V---M------------------A--V--DM------------------A--V--DM-----E--A---------A------M---T--------------A------A---S----A---------A------M-----------------TA------A---S--------------A------A-------

X.
X.
X.
X.
X.
X.
X.

gilli-5
gilli-7
gilli-8
gilli-11
gilli-12
laevis-1
laevis-4

GLASFLGKALKAGLKIGANLLGGAPQQ
----L-------------------------L--------------------E------------------D------E------------------D------EE
------------------H------------------------THF-------

Fig. 4. A comparison of the primary structures of the magainin, PGLa, XPF, PGQ, and CPF peptides from X. gilli and X. laevis. Residue deletions denoted by * have been
introduced into some sequences to maximize sequence similarity.

The study provides further evidence that the amino acid
sequences of host-defense peptides in skin secretions can be
used, together with morphological analyses and comparisons
of nucleotide sequences of mitochondrial and/or nuclear genes,
to infer evolutionary relationships among frog species within a

particular genus. Largely on the basis of morphology and advertisement calls X. gilli has been placed in a species group that also
includes the tetraploid frogs X. laevis, Xenopus largeni, X. petersii, and X. victorianus [21]. A mitochondrial DNA phylogeny has
placed X. gilli as sister-group to X. laevis [11] although it was
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subsequently pointed out that X. laevis contains substantially differentiated populations that may warrant separate species status
[10]. The primary structures of the host-defense peptides from X.
gilli identiﬁed in this study are compared with those of the corresponding peptides from X. laevis [29] in Fig. 4. A close phylogenetic
relationship with X. laevis is supported by similarities in the distribution and amino acid sequences of orthologous peptides but
only three peptides (magainin-G1/magainin-1, PGLa-G1/PGLa, and
CPF-G7/CPF-2) are identical in both species.
Peptidomic analysis of skin secretions has also been shown to be
of value in differentiating between sub-species and even different
population clusters of the same species. The present study complements an earlier investigation in which peptidomic analysis of skin
secretions was used to show that X. muelleri from an East African
range in Malawi is not conspeciﬁc with an incompletely characterized species from a non-contiguous west African range in Nigeria
that has been referred to as “Xenopus new tetraploid 1” and provisionally designated X. muelleri West [28]. Similarly, it was shown
using the same methodology that frogs referred to as X. victorianus from Uganda and X. laevis sudanensis from Nigeria are more
closely related to X. petersii individuals collected in Zambia than to
laboratory strains of X. laevis that originated in South Africa [19].
The Cape Floral Region is recognized as an area of extreme biodiversity in fauna as well as ﬂora. X. gilli is only one of several species
with disjunct ranges on either side of False Bay [14]. Among the
anurans, the endangered western leopard toad Amietophrynus pantherinus shares a similar distribution and restricted dispersal ability
as X. gilli [26]. Molecular phylogeographic studies using the ND2
marker have shown sequence divergence and different haplotype
diversity between the two populations and indicate that gene ﬂow
across the distribution gap ceased around 12,000 years ago. A. pantherinus, like X. gilli, is acidophilic and it has been proposed that
fragmentation of a once more widespread distribution into noncontiguous zones is a result of climate change [14,26]. Both species
presently occur within Cape Flats Sand Fynbos region, which is
acidic, while the geographic gap is located in the Cape Flats Dune
Strandveld region which is strongly alkaline. Substantial uplifting
on the eastern side of South Africa around 5 Mya resulted in signiﬁcant reductions in rainfall in the west. During a time of low
rainfall, pH of water in potential breeding sites would become more
strongly inﬂuenced by the substrate so that the pools in Cape Flats
intervening region would no longer be able to sustain life of the X.
gilli larvae [14]. This hypothesis was considered to be more plausible than the alternative proposal that fragmentation of the range
began as a result of marine incursions at times of high sea-level and
continued through anthropogenically mediated habitat change on
the Cape Flats [12].
Habitat invasion by X. laevis is a global phenomenon and a cause
of concern to conservationists worldwide (reviewed in [25]). There
have been several reports dating from 1978 of natural hybridization
of X. gilli and X. laevis with which it is sympatric [20,33,35,36]. The
resulting male offspring are infertile and the female hybrids have
reduced fecundity. The extent to which this hybridization occurs is
uncertain. A study reported in 1997 by Evans et al. [13] found only a
single hybrid out of 32 X gilli sampled in the eastern region and none
were found out of 59 sampled in the Cape Peninsula region. It was
concluded the X. laevis introgression was not the greatest obstacle
to X. gilli conservation. A later study by Fogell et al. [14] carried
out in 2010–2011 found a much higher incidence of hybridization
in animals that were identiﬁed morphologically as X. gilli, rising
to 27% in ponds in the Kleinmond region that had become dominated by X. gilli. It was suggested, therefore, that the problem of
X. gilli introgression has become more serious. Lamloch Pond from
which the Kleinmond frogs were collected in the present study had
undergone a major invasion by X. laevis. Out of a total of 74 animals
collected on three successive days, 62 were clearly identiﬁed as X.

laevis. However, the identity of all 10 frogs provisionally described
as pure X. gilli on morphological grounds was conﬁrmed by subsequent genotyping. Only two hybrids with mixed X. gilli × X. laevis
genotype were found. Further studies are ongoing to assess the
importance of protecting X. gilli habitats from X. laevis introgression
in the overall conservation strategy for the species [24].
Consistent with previous studies with skin secretions of X. borealis [27], X. muelleri [28] and X. petersii [18], CPF peptides show the
greatest potency against bacteria, particularly S. aureus (Table 1)
but are appreciably hemolytic against human erythrocytes. Over 27
years have passed since the discovery of the magainins in the skin of
X. laevis [17,40] and, since that time, several hundred peptides have
been isolated from the skin secretions of many other frog species
belonging to different families [39]. However, it is fair to claim that
the initial promise of these peptides as therapeutically valuable
anti-infective agents has not been fulﬁlled. No antimicrobial compound based upon the structure of a frog skin peptide has yet been
adopted in clinical practice so that alternative clinical applications
are being sought [6]. The CPF peptides from X. laevis and Silurana
epitropicalis stimulate the release of insulin from BRIN-BD11 clonal
␤-cells at subnanomolar concentrations and so peptides from the
CPF family may serve as templates for the design of long-acting,
non-toxic analogs for the treatment of patients with type 2 diabetes
[38].
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