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a  b  s  t  r  a  c  t

Peptidomic  analysis  was  used  to  compare  the diversity  of  host-defense  peptides  in norepinephrine-
stimulated  skin  secretions  from  laboratory-generated  female  F1 hybrids  of Xenopus  laevis  and  Xenopus
borealis  (Pipidae).  Skin  secretions  of  hybrids  with  maternal  X.  laevis  (XLB) contained  12  antimicrobial
peptides  (AMPs),  comprising  8 from  X. laevis  and  4 from  X. borealis.  Magainin-B1,  XPF-B1,  PGLa-B1  CPF-
B2,  CPF-B3  and  CPF-B4  from  X. borealis  and  XPF-1,  XPF-2,  and  CPF-6  from  X.  laevis  were  not  detected  and
CPF-1  and  CPF-7  were  present  in  low  concentration.  The  secretions  contained  caerulein  and  caerulein-B1
derived  from  both parents  but lacked  X.  laevis  xenopsin  and  X.  borealis  caerulein-B2.  Skin  secretions  of
hybrids  with  maternal  X.  borealis  (XBL)  contained  14 AMPs  comprising  6 from  X. borealis  and  8  from  X.
laevis.  Magainin-B1,  XPF-B1,  PGLa-B1,  CPF-B2,  XPF-1,  CPF-5, and  CPF-7  were  absent  and  CPF-B3,  CPF-B4,
CPF-1  and  CPF-6  were  present  only  in  low  concentration.  Xenopsin  and  caerulein  were  identified  in  the
secretions  but  caerulein-B2  was absent  and  caerulein-B1was  present  in  low  concentration.  No  peptides
were  identified  in  secretions  of  either  XLB or XBL hybrids  that  were  not  present  in the  parental  species.  The
data  indicate  that hybridization  between  X. laevis  and  X.  borealis  results  in  increased  diversity  of  host-
defense  peptides  in  skin  secretions  but point  to  extensive  AMP  gene  silencing  compared  with  previously
studied  female  X.  laevis  × X.  muelleri  F1  hybrids  and  no  novel  peptide  expression.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The evolutionary history of the African clawed frogs of the genus
Xenopus within the family Pipidae is complex and involves both
bifurcating and reticulating modes of speciation that have given
rise to tetraploid, octoploid, and dodecaploid species [13,14,21].
Extant tetraploid Xenopus species probably arose via one or more
allopolyploidization events in which fusion of two diploid genomes
occurred in association with hybridization among the diploid
species [22]. Early in the diversification of Xenopus tetraploids, an
ancestor split into two descendant lineages that eventually evolved
into Xenopus laevis and the common ancestor of Xenopus borealis
and Xenopus muelleri. It is estimated that X. laevis and X. borealis,
which are the focus of this study, diverged from one another 13–38
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million years ago [9–11]. The question as to how many allopoly-
ploidization events occurred to generate the extant Xenopus species
remains an open one and has implications for the level of diver-
gence between the “subgenomes” of each tetraploid lineage [5].

The skin secretions of the common clawed frog X. laevis
(Daudin, 1802) contain a diverse array of host-defense peptides
with antimicrobial and immunomodulatory activities (reviewed in
[8]). The antimicrobial peptides (AMPs) have been classified into
four families on the basis of limited structural similarity: magainin
[17,38], peptide glycine-leucine-amide (PGLa), caerulein-precursor
fragment (CPF), derived from the post-translational processing of
the biosynthetic precursors of caerulein, and xenopsin-precursor
fragment (XPF) derived from the post-translational processing of
the biosynthetic precursors of xenopsin [16,32]. More recently,
AMPs belonging to these four families have been isolated from
norepinephrine-stimulated skin secretions from X. amieti [6],
X. andrei [27], X. borealis [25], X. clivii [7], X. lenduensis [20], X.
muelleri and an undescribed species from West Africa referred to
as “Xenopus new tetraploid 1” [14] and provisionally designated
X. muelleri West [26], X. petersii [20], and X. pygmaeus [20]. In
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addition, skin secretions from X. laevis contain high concentrations
of the myotropic peptides, caerulein (sulphated and non-sulphated
forms) [2] and xenopsin [4] that may  play a role in defense against
predators. The primary structures and insulinotropic activities of
caerulein- and xenopsin-related peptides from X. amieti and X.
borealis have also been described [37].

Natural hybridization between Xenopus species in the wild has
been reported [15,29,36] and hybridization has clearly played an
important role in the evolution of this group by allopolyploidiza-
tion [22,23]. In such interspecies crosses, the F1 males are sterile
and the F1 females are fully or partially fertile [24]. The genera-
tion of F1 hybrids between X. laevis and the Marsabit clawed frog
X. borealis (Parker, 1936) in laboratory has been described and
microarray analyses combined with comparative transcriptomics
have been used to study gene expression in the testis and brain
tissue from hybrid males [10]. The aim of the present study was to
use peptidomic analysis (reversed-phase HLPC coupled with mass
spectrometry) to compare the AMPs, and the caerulein-related and
xenopsin-related peptides in norepinephrine-stimulated skin sec-
retions from X. laevis female × X. borealis male hybrids (hereafter
XLB) with hybrids from the reciprocal cross from X. borealis female
and X. laevis male (hereafter XBL). This distribution of skin peptides
may  then be compared with the corresponding distribution in the
parent species. The terminology used to describe the AMPs in this
study is the same as that used for peptides from the X. laevis [16,38]
and X. borealis [25]. The magainin, PGLa, CPF, and XPF peptide fami-
lies are recognized and peptides from X. borealis are given the suffix
B. Paralogs are differentiated by numerals e.g. CPF-B1 and CPF-B2.
The terminology used to describe the caeruleins and xenopsin is
that adopted by Zahid et al. [37] for peptides from X. borealis.

2.  Materials  and  methods

2.1. Collection of skin secretions

All experiments with live animals were approved by the Ani-
mal  Research Ethics committee of U.A.E. University (Protocol No.
A21-09) and were carried out by authorized investigators. Both
types of F1 hybrids (XLB and XBL) between X. laevis (from the
Cape region of South Africa) and X. borealis (from Kenya) were
generated via in vitro fertilization as previously described [10].
Female XLB hybrids (n = 2; 5–6 years old; weights 26.1 g and
27.8 g) and female XBL hybrids (n = 2; 5–6 years old; weight 31.1 g
and 31.5 g) were injected via the dorsal lymph sac with norepi-
nephrine hydrochloride (40 nmol/g body weight) and placed in
water (100 ml)  for 15 min. The frogs were removed and the collec-
tion solution was acidified by addition of concentrated hydrochloric
acid (1 ml)  and immediately frozen for shipment to U.A.E. Uni-
versity. The solutions containing the secretions from each group
were pooled and separately passed at a flow rate of 2 ml/min
through 5 Sep-Pak C-18 cartridges (Waters Associates, Milford, MA,
USA) connected in series. Bound material was eluted with ace-
tonitrile/water/trifluoroacetic acid (TFA) (70.0:29.9:0.1, v/v/v) and
freeze-dried. The material was redissolved in 0.1% (v/v) TFA/water
(2 ml).

The collection of skin secretions from X. laevis [28,33] and X.
borealis [25] using the same protocol used for the hybrids has been
described previously.

2.2. Peptide purification

The pooled skin secretions (20% of the total amount collected)
from the XLB and XBL hybrid frogs, after partial purification on Sep-
Pak cartridges, were separately 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 elu-
ting 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 280 nm,  and fractions (1 min) were collected. Identifi-
cation of caerulein- and xenopsin-containing peaks was  facilitated
by the fact that both peptides contain a tryptophan residue and
so show strong absorbance at 280 nm.  Fractions with retention
times between 32 and 36 min (containing caeruleins and xenopsin)
and 40 and 70 min  (containing AMPs) were successively chro-
matographed 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 concen-
tration of acetonitrile in the eluting solvent was  raised from 21% to
56% over 50 min  and the flow rate was  2.0 ml/min.

Purification of AMPs from X. borealis (magainin-B1 and -B2,
XPF-B1 and -B2, PGLa-B1 and -B2, CPF-B1–CPF-B4) [25] and from
X. laevis (magainin-1 and -2, XPF-1 and -2, PGLa, CPF-1–CPF-7)
[28,33] and caerulein-related peptides from X. borealis [37] has
been described previously.

2.3. Identification of the peptides by mass spectroscopy

Identification of the purified AMPs was  accomplished by MALDI-
TOF mass spectrometry using a Voyager DE-PRO instrument
(Applied Biosystems, Foster City, CA, USA) that was  operated in
reflector mode with delayed extraction and the accelerating volt-
age 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%.

In order to distinguish between magainin-1 from X. laevis and
magainin-B2 from X. borealis that have the same molecular mass,
the purified endogenous peptides with a molecular mass of [M+H]+

of 2409 were individually injected onto a (25 cm × 0.46 cm)  Vydac
218TP54 (C-18) column equilibrated with acetonitrile/water/TFA
(21.0/78.9/0.1, v/v/v) at a flow rate of 1.5 ml/min. The concentration
of acetonitrile was raised to 49% (v/v) over 60 min using a linear
gradient. Absorbance was  measured at 214 nm.  The retention times
of the peptides were compared with those of magainin-1 from X.
laevis [28] and magainin-B2 from X. borealis [25] under the same
conditions of chromatography.

Characterization of the caerulein and xenopsin peptides was
carried out following the strategy recommended by Wabnitz et al.
[34] and described previously for X. borealis and X. amieti [37].
Since caerulein contains a sulfated tyrosine residue, electrospray
mass spectroscopy (ES-MS) was carried out using a 6310 ion trap
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) in
both negative ion mode (to obtain the molecular mass of the sul-
phated [M−H]− ion) and positive ion mode (to obtain the mass of
the non-sulfated [MH−SO3]+ ion). The presence of xenopsin was
demonstrated by ES-MS in positive ion mode.

3.  Results

3.1. Purification and characterization of AMPs from skin
secretions of XLB hybrids

The pooled skin secretions from the XLB hybrid frogs, after partial
purification on Sep-Pak C-18 cartridges, were chromatographed
on a Vydac C-18 preparative reversed-phase HPLC column and
the elution profile is shown in Fig. 1. The chromatogram may  be
compared with the corresponding elution profiles obtained under
the same conditions of chromatography of skin secretions from
X. laevis (Fig. 2) and X. borealis (Fig. 3). The peaks designated 1–9
in Fig. 1 were collected and subjected to further purification by
chromatography on semipreparative Vydac C-4 and Vydac C-8
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Fig. 1. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from female X. laevis × X. borealis F1 hybrids (XLB) after partial purification on Sep-
Pak  cartridges. The peaks designated 1–9, containing AMPs, were purified further
and  characterized by MALDI-TOF mass spectroscopy. The fractions denoted by bar
A,  containing caeruleins, were purified further and characterized by electrospray
mass spectroscopy. The dashed line shows the concentration of acetonitrile in the
eluting solvent.

columns. The peptides were purified to near homogeneity, as
assessed by a symmetrical peak shape and mass spectrometry.

Comparison of the masses of the purified peptides with those of
the peptides isolated from the parent species is shown in Fig. 4. The
data indicate that peak 1 contained magainin-2, peak 2 magainin-
1 + magainin-B2, peak 3 PGLa + XPF-B2, peak 4 PGLa-B2 + CPF-B1,
peak 5 CPF-B1 + CPF-4, peak 6 CPF-5, peak 7 CPF-3, peak 8 CPF-1, and
peak 9 CPF-7. CPF-1 and CPF-7 were present in the secretions only
in very low concentration. The molecular mass of magainin-1 from
X. laevis and magainin-B2 from X. borealis is the same [25,28] but
the peptides could be separated on an analytical Vydac C-18 column
under the conditions of chromatography described in Section 2.3.
It was shown that peak 2 in Fig. 1 contain a mixture of magainin-1
and magainin-B2.

Fig. 2. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from X. laevis, after partial purification on Sep-Pak cartridges. Mass spectrometry
demonstrated that peak 1 contained magainin-2, peak 2 magainin-1, peak 3 PGLa,
peak 4 XPF-1, peak 5 XPF-2, peak 6 CPF-4 + CPF-5, peak 7 CPF-3 + CPF-6, peak 8 CPF-1,
and  peak 9 CPF-7. The fractions depicted by bar A contained caerulein, non-sulfated
caerulein, and xenopsin. Reprinted with modification from [28].

Fig. 3. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from X. borealis, after partial purification on Sep-Pak cartridges. Mass spectrometry
demonstrated that peak 1 contained magainin-B1, peak 2 magainin-B2, peak 3 XPF-
B1, peak 4 XPF-B2, peak 5 PGLa-B1, peak 6 CPF-B1 + CPF-B2 + PGLa-B2, peak 7 CPF-
B3, and peak 8 CPF-B4. The fractions depicted by bar A contained caerulein-B1,
nonsulfated caerulein-B1 and caerulein-B2 The dashed line shows the concentration
of  acetonitrile in the eluting solvent. Reprinted with modification from [25].

3.2. Purification and characterization of AMPs from skin
secretions of XBL hybrids

The pooled skin secretions from the XBL hybrid frogs were chro-
matographed under the same experimental conditions as for the
skin secretions from the XLB hybrid frogs and the elution profile is
shown in Fig. 5. The peaks designated 1–9 were collected and the
peptides purified to near homogeneity on semipreparative Vydac
C-4 and Vydac C-8 columns. Comparison of the masses of the major
components present in the peaks (Fig. 4) revealed that peak 1
contained magainin-2, peak 2 magainin-1 + magainin-B2, peak 3
XPF-B2 + PGLa, peak 4 XPF-2, peak 5 PGLa-B2, peak 6 CPF-B1, peak
7 CPF-3 + CPF-4, peak 8 CPF-1, and peak 9 CPF-6 + CPF-B3 + CPF-B4.
However, CPF-1, CPF-6, CPF-B3 and CPF-B4 were present in the
secretions only in very low concentrations.

3.3. Caerulein- and xenopsin-related peptides in skin secretions
of female XLB and XBL hybrids

The prominent peaks depicted by the bar A in Figs. 1 and 5 were
associated with a strong absorbance at 280 nm and were subjected
to further purification on semipreparative Vydac C-4 and Vydac
C-8 columns using the same conditions previously used for purifi-
cation of the X. borealis peptides [37]. The molecular masses of
the purified peptides were determined by ES-MS operated in both
negative [M−H]− and positive [M+H]+ ion mode and results are
shown in Table 1. Skin secretions from the XLB hybrids contained
both forms (sulfated and non-sulfated) of caerulein from X. laevis
and caerulein-B1 from X. borealis but xenopsin from X. laevis and
caerulein-B2 from X. borealis were not identified. In contrast, skin
secretions from the reciprocal cross XBL contained xenopsin and
sulphated and non-sulfated caeruleins from X. laevis in relatively
high yield but caerulein-B1 from X. borealis was identified only in
very low concentration.

4. Discussion

Previous studies have led to identification of 11 AMPs in
norepinephrine-stimulated skin secretion from X. laevis [28,33] and
10 AMPs in skin secretions of X. borealis [25]. In the skin secretions
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XLB XBL
M+H+obs       M+H+obs          M+H+calc

Magainin-B1    GK**FLHSAGKFGKAFLGEVMIG        ND         ND          2194.2 
Magainin-B2    GIGKFLHSAGKFGKAFLGEVMKS        2409.4     2409.4       2409.3 
XPF-B1        GFKQFVHSMGKFGKAFVGEIINPK       ND         ND        2666.4
XPF-B2         GWASKIGTQLGKMAKVGLKEFVQS       2563.5     2563.3  2563.4
PGLa-B1        GMASKAGTIAGKIAKTAIKLAL.NH2 ND      ND 2113.3
PGLa-B2        GMASKAGSIVGKIAKIALGAL.NH2 1955.1     1955.0 1955.2
CPF-B1         GLGSLLGKAFKIGLKTVGKMMGGAPREQ   2844.7     2844.3    2844.6
CPF-B2         GLGSLLGKAFKIGLKTVGKMMGGAPR     ND         ND 2587.5 
CPF-B3         GLGSLLGSLFKFIPKLLPSIQQ         ND         2356.6+ 2356.4
CPF-B4         GLLTNVLGFLKKAGKGVLSGLLPL       ND        2408.2+ 2408.5 

Magainin-1     GIGKFLHSAGKFGKAFVGEIMKS        2409.5     2409.5      2409.3
Magainin-2     GIGKFLHSAKKFGKAFVGEIMNS        2466.4    2466.0    2466.3     
XPF-1          GWASKIGQTLGKIAKVGLQGLMQPK       ND       ND       2609.5
XPF-2          GWASKIGQTLGKIAKVGLKELIQPK       ND        2663.6    2663.6
PGLa           GMASKAGAIAGKIAKVALKAL.NH2 1968.2    1968.3     1968.2
CPF-1          GLASFLGKALKAGLKIGAHLLGGAPQQ    2616.3+ 2616.9 + 2616.5
CPF-3        GFGSFLGKALKAALKIGANALGGSPQQ    2602.5     2601.7 2601.5
CPF-4          GLASLLGKALKAGLKIGTHFLGGAPQQ    2646.9     2646.3 2646.5 
CPF-5          GFGSFLGKALKTALKIGANALGGSPQQ    2632.1     ND 2631.5 
CPF-6          GFASFLGKALKAALKIGANMLGGAPQQ   ND        2659.4+ 2659.5   
CPF-7          GFGSFLGKALKAALKIGANALGGAPQQ    2586.5+ ND 2585.5    

Fig. 4. Amino acid sequences, observed molecular masses (M+H+
obs), and calculated molecular masses (M+H+

calc) of the purified AMPs from skin secretions of the X. laevis × X.
borealis  F1 hybrids (XLB) and the X. borealis × X. laevis (XBL) F1 hybrids. ND: not detected. * indicates an amino acid residue deletion introduced to maximize structural similarity
and + denotes that the peptide was obtained in very low yield.

Fig. 5. Reversed-phase HPLC on a preparative Vydac C-18 column of skin secretions
from female X. borealis × X. laevis F1 hybrids (XBL) after partial purification on Sep-
Pak cartridges. The peaks designated 1–9, containing AMPs, were purified further
and  characterized by MALDI-TOF mass spectroscopy. The fractions denoted by bar A
containing caeruleins and xenopsin, were purified further and characterized by elec-
trospray mass spectroscopy. The dashed line shows the concentration of acetonitrile
in  the eluting solvent.

of laboratory generated XLB hybrids, 12 peptides derived from both
parental species were identified. XPF-1, XPF-2, and CPF-6 from X.
laevis and magainin-B1, XPF-B1, PGLa-B1, CPF-B2, CPF-B3 and CPF-
B4 from X. borealis were not detected and CPF-1 and CPF-7 from X.
laevis were present in the secretions only in a trace amounts. The
origin of the AMPs in the XBL hybrids is represented schematically
in Fig. 6. In skin secretions of the XBL hybrids, a total of 14 differ-
ent AMPs from both parental species were identified. Magainin-B1,
XPF-B1, PGLa-B1, and CPF-B2 from X. borealis and XPF-1, CPF-5, and
CPF-7 from X. leavis were not detected. CPF-1 and CPF-6 from X.
laevis and CPF-B3 and CPF-B4 from X. borealis were present in very
low concentrations. The origin of the AMPs in the XLB hybrids is
represented schematically in Fig. 7.

Possible explanations for these observations include (a) the
genes encoding the missing AMPs are silenced in the hybrids, (b)
the genes are expressed in the hybrids at a low level such that the
concentrations of AMPs in the secretions are below the detection
limit of the techniques employed, (c) some of the AMP  diversity in
the parental species was allelic in nature and thus not necessar-
ily transmitted to the hybrids, and (d) because the skin secretions
examined in the parental species (X. laevis and X. borealis) were not
from the same individuals that were used to generate the hybrids,
population level polymorphism in skin AMP  gene expression in the
parental species may  be involved, as has been observed in Litoria
[19]. Explanations (a) and (b) argue that these differences in the
stoichiometry of expression point to substantial differences in reg-
ulation in hybrids as compared to each parental species whereas

Ben Evans


Ben Evans
Should be XBL not XLB here
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Fig. 6. Proposed origin of the AMPs, caeruleins and xenopsin present in skin secretions of female X. laevis × X. borealis F1 hybrids (XLB). XPF-1, XPF-2, CPF-6, and xenopsin
from  X. laevis and magainin-B1, XPF-B2, PGLa-B2, CPF-B2, CPF-B3, CPF-B4, and caerulein-B2 from X. borealis were not detected in the hybrids as indicated by X. The dashed
line  indicates that CPF-1 and CPF-7 from X. laevis were present in the secretions in only trace amounts.

explanations (c) and (d) do not. Explanation (d) is less likely as it has
been shown that skin secretion from populations of X. laevis from
widely separated regions of Africa contain a very similar repertoire
of AMPs with the same primary structures (M.  Mechkarska and J.M.
Conlon, unpublished data) and mitochondrial DNA variation among
X. borealis populations from different regions is very low [14].

The CPF-2 peptide that is predicted from the nucleotide
sequence of a cDNA [31,35] was not detected in secretions from
either XLB or XBL hybrids but this peptide was also not detected in
peptidomic analyses of skin secretions from either X. laevis [28,33]
or X. laevis × X. muelleri XLM hybrids [28]. Additionally, it is unclear
whether CPF-B1 and its truncated form, CPF-B2 are encoded by
separate genes or whether CPF-B2 is derived from a different
pathway of post-translational processing of the same biosynthetic
precursor (Fig. 4).

The pattern of silencing observed with the AMP  genes is
reflected in the reduced number of the caerulein- and xenopsin-
related peptides in the secretions of the hybrids (Table 1). These
hormone-like peptides are located at the C-terminus of the respec-
tive biosynthetic precursors from which the CPFs and XPFs are
derived. Thus, the absence of xenopsin in XLB hybrids is consistent
with the inability to detect either XPF-1 or XPF-2 (Fig. 4) and the
gene encoding caerulein-B2 also appears not to be expressed.
In contrast, xenopsin is present in relatively high concentration
in secretions of the XBL hybrids but the caerulein-B2 gene is
silenced and caerulein-B1 was present only in trace concentration.
Xenopsin was  not identified in skin secretions of X. borealis despite
the presence of XPF-B1 and XPF-B2 [25]. Similarly, no xenopsin-
related peptide other than the X. laevis xenopsin was identified
in the hybrids despite the fact that XPF-B2 is present in skin
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X. laevis F1 Hybrid

XBL

X. borealis

Magainin-1
Magainin-2

Magainin-1
Magainin-2

X 
Magainin-B2 

Magainin-B1 
Magainin-B2 

PGLa PGLa
X 

PGLa-B2      
PGLa-B1 
PGLa-B2 

CPF-1
CPF-3
CPF-4
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CPF-3
CPF-4

CPF-5 X 
CPF-6 CPF-6 
CPF-7 X 

CPF-B1 
X 

CPF-B3 
CPF-B4 

CPF-B1 
  CPF-B2 
CPF-B3 
CPF-B4 

XPF-1 
XPF-2 

X 
XPF-2 

X 
XPF-B2

XPF-B1
XPF-B2

Caerulein

Xenopsin

Caerulein

                Caerulein-B1 

X 

 Xenopsin

Caerulein-B1     

Caerulein-B2    

X 

X 

X 

X 

X 

X 

X 

X 

Fig.  7.  Proposed origin of the AMPs, caeruleins and xenopsin present in skin secretions of female X. borealis × X. laevis F1hybrids (XBL). Magainin-B1, XPF-B1, PGLa-B1, CPF-B2
and  caerulein-B2 from X. borealis and XPF-1, CPF-5 and CPF-7 from X. laevis were not detected in the hybrids as indicated by X. The dashed line indicates that five peptides:
CPF-B3,  CPF-B4, and caerulein-B1 from X. borealis and CPF-1 and CPF-6 from X. laevis were present in the secretions in only trace amounts.

secretions from both XLB and XBL. These results suggest that the
gene encoding preproxenopsin in X. borealis has evolved such that
either there is a premature stop-codon or a deletion spanning the
region coding for the hormone-like peptide. Conclusive evidence,
however, would require cDNA cloning and sequencing of the
preproxenopsin from X. borealis and from both XLB and XBL hybrids.
XPF family peptides were isolated from skin secretions of the
diploid frog Silurana (Xenopus) tropicalis [1] but a BLAST search of
the S. tropicalis genome database reveals that the genes encoding
these peptides do not contain a xenopsin sequence.

A previous study characterized the AMPs in skin secretions from
female X. laevis × X. muelleri F1 hybrids (hereafter XLM) [28]. It was
found that the hybrids expressed AMP  genes derived from both par-
ent species such that both the multiplicity and the diversity of the
antimicrobial peptides in the skin secretions of the hybrid is greater
than in either parent species. All the antimicrobial peptides iden-
tified in the X. laevis secretions and 4 out of 6 peptides identified
in the skin secretions of X. muelleri were found in the secretions of

XLM. Only two peptides (magainin-M2 and CPF-M2) derived from
X. muelleri were not detected. In addition, three previously unde-
scribed peptides (magainin-LM1, PGLa-LM1, and CPF-LM1) with
growth-inhibitory activity against bacteria were identified in rela-
tively high concentrations in the secretions of the hybrid frogs that
were not present in secretions from either X. laevis or X. muelleri.

The data obtained in this study enable a direct comparison of the
effects of interspecies hybridization on the expression of AMP  genes
in the skin of female XLB hybrids with the corresponding expression
in female XLM hybrids. X. borealis and X. muelleri are more closely
related to each other than either is to X. laevis [10] so that the
two types of interspecies hybrid are formed from parental species
that are equivalently divergent. Novel peptides resulting from the
hybridization of X. laevis with X. borealis were not detected in the
skin secretions of either XLB or XBL offspring and the multiplicity
of the peptides in both types of hybrids is not appreciably greater
than in either parent species. It was speculated that the appearance
of novel AMPs in the XLM was  the result of “some form of altered
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Table 1
Primary structures and molecular masses of the caerulein-related and xenopsin-related peptides isolated from skin secretions of female XLB and XBL X. laevis × X. borealis F1
hybrids.

[M+H]obs [M+H]calc [M−H]obs [M−H]calc

XLB X. laevis ♀
Caerulein <EQDY(SO3)TGWMDFa 1272.5 1272.5 1351.4 1350.5
Caerulein non-sulfated <EQDYTGWMDFa 1272.7 1272.5 1270.5 1270.5
Xenopsin <EGKRPWIL ND 980.6 ND 978.6
Caerulein-B1 <EQDY(SO3)GTGWMDFa 1330.6 1329.6 1407.6 1407.5
Caerulein-B1 non-sulfated <EQDYGTGWMDFa 1329.6 1329.6 1327.5 1327.5
Caerulein-B2 <EDY(SO3)TGWMDFa ND 1144.5 ND 1222.5
Caerulein-B2 non-sulfated <EDYTGWMDFa ND 1144.5 ND 1142.5

XBL X. borealis ♀
Caerulein <EQDY(SO3)TGWMDFa 1272.6 1272.5 1350.5 1350.5
Caerulein non-sulfated <EQDYTGWMDFa 1272.6 1272.5 1270.6 1270.5
Xenopsin <EGKRPWIL 980.7 980.6 978.6 978.6
Caerulein-B1b <EQDY(SO3)GTGWMDFa 1392.5 1329.6 1407.5 1407.5
Caerulein-B1 non-sulfated <EQDYGTGWMDFa ND 1329.6 ND 1327.5
Caerulein-B2 <EDY(SO3)TGWMDFa ND 1144.5 ND 1222.5
Caerulein-B2 non-sulfated <EDYTGWMDFa ND 1144.5 ND 1142.5

[M+H] refers to the observed and calculated molecular masses obtained in positive ion mode and [M−H] refers to the observed and calculated molecular masses obtained in
negative ion mode. <E: pyroglutamate.

a !-Amidation; ND: not detected.
b Present in low yield.

regulation of expression in the hybrid genetic background” as ini-
tially proposed for the appearance of novel host-defense peptides
in the skin secretions of laboratory generated F1 hybrid treefrogs
from female Litoria splendida and male Litoria caerulea [30]. In
this study of Litoria,  skin secretions contained peptides common
to only one parent together with peptides synthesized by both
parental species and four peptides (caerins 1.10, 2.6, 2.7, and 5.1)
found only in secretions of the hybrid but not in either parental
species. An overall increase in AMP  multiplicity and diversity, but
no novel peptides, was also reported for secretions of the natu-
rally occurring hybrid species formerly referred to as Rana esculenta
but now regarded as a complex of interbreeding species involving
Pelophylax lessonae and Pelophylax ridibundus [12]. It was proposed
that interspecies hybridization confers evolutionary advantage, as
the increased complement of host-defense peptides will provide
the hybrid organism with greater protection against invasion by
pathogenic microorganisms in the environment [12]. It has also
been argued that hybridization in Xenopus offers potential bene-
fits in terms of resistance to parasites because hybrid individuals
inherit the genetic basis for resistance from both parental species
[18].

Multiple mechanisms promote the retained expression of gene
duplicates in allopolyploid species such as X. laevis [9,11]. The possi-
bility of AMP  gene silencing in the laboratory-generated XLB and XBL
hybrids is consistent with nonfunctionalization that has been the
most common fate of AMP  genes following the ancient allopoly-
ploidization events that gave rise to the extant Xenopus species
(reviewed in Ref. [8]). For example, the multiplicity of the mag-
ainin, PGLa, CPF, and XPF families is not substantially greater in
the octoploid Xenopus species studied to-date (X. amieti [6], X.
andrei [27] and X. lenduensis [20]) than in those tetraploid Xeno-
pus species that have been investigated. A similar high level of
gene silencing in octoploid and dodecaploid Xenopus species was
seen in the case of genes encoding RAG1 and RAG2, proteins cru-
cial to the process of somatic rearrangement of DNA in adaptive
immunity. In this case, degeneration of paralogs occurs via incor-
poration of premature stop codons and frameshift mutations [3].
While it is unclear why there appears to have been more extensive
AMP gene silencing in the female XLB and XBL hybrids compared
with the female XLM hybrids, the overall increased diversity of
peptide expression in hybrids is potentially beneficial and may
have contributed to the survival of allopolyploid species of African
clawed frogs. Since the female hybrids are fertile, it is of interest

to determine whether the mixed repertoire of host-defense pep-
tides will be stably transferred into the offspring by generating
backcrosses of the XLB and XBL hybrids with either of the parental
species.
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