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ABSTRACT
The Endangered Pickersgill's Reed Frog (Hyperolius pickersgilli) is

ARTICLE HISTORY
Received 20 October 2017

endemic to South Africa and restricted to the KwaZulu-Natal
(KZN) coast. The natural habitat of H. pickersgilli is limited to
fragmented patches of coastal reed-bed wetland, the majority of
which continues to undergo transformation and degradation
caused by urbanisation, agriculture, mining and forestry. These
changes have resulted in the steady reduction of suitable, quality
habitat and severe fragmentation. In the current study we
employed mitochondrial DNA and species-specific microsatellites
markers (developed in the current study) to investigate the
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genetic structure and diversity of H. pickersgilli. Genetic markers
revealed moderate to high levels of genetic diversity throughout
the remnant groups and absence of specific phylogeographic
structure among individuals sampled across twelve localities
throughout the range of the species. Results from the current
study indicate that gene flow between H. pickersgilli individuals is
not restricted, whereby neighbouring groups may interact with
each other through continued migration, thereby facilitating
possible range expansion should habitat be available. However,
the need for continued conservation of the H. pickersgilli
population through the protection and management of its natural
habitats should remain a top priority in order to conserve
representative levels of genetic diversity.

Introduction

Habitat loss and fragmentation caused by human activities change natural habitats into
increasingly anthropogenic landscapes. These processes can indirectly or directly affect
the genetic structure of wild populations, because of a restriction of gene flow or
because of increasing levels of genetic drift and inbreeding (Reed & Frankham 2003).
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Inbreeding depression can lead to a reduction in fitness whereby individuals have a
reduced ability to cope with a changing environment, reduced survival and reproduction,
as well as extinction of local sub-populations (Frankham 1995; Mech & Hallett 2001; Reed &
Frankham 2003). Amphibians are often described as being highly sensitive to habitat frag-
mentation (Hels & Buchwald 2001; Gibbs & Shriver 2005; Noél et al. 2007) and loss of
habitat and population isolation have been identified as two of the main causes of amphi-
bian declines (Cushman 2006; Gardner et al. 2007; Hamer & McDonnell 2008).

In the current study, we present a genetic analysis on Pickersgill's Reed Frog (Hyperolius
pickersgilli; Raw, 1982; Fig. 1), which inhabits coastal wetland across a fragmented range
along the South African east coast that has been transformed and degraded, because of
various anthropogenic activities. The species was discovered in the late 1970s and
described by Raw (1982). Species accounts can also be found in Lambiris (1989), Passmore
& Carruthers (1995), Schigtz (1999), Channing (2001), Bishop (2004), Du Preez & Carruthers
(2009) and Measey (2011). Hyperolius pickersgilli is endemic to the KwaZulu-Natal coast
(<380 m above sea level) from Sezela in the south, through Durban, Mtunzini, Richards
Bay and to St Lucia (iSimangaliso Wetland Park) in the north (Raw, 1982; Tarrant & Armstrong
2013; Fig. 2). The species is highly habitat specific in terms of its ecology, occurring within
15 km of the coastline and requiring the unique vegetation structure found in Indian
Ocean Coastal Belt Wetland (itself of a threatened status). The species inhabits reed-bed
wetland systems and breeds in permanent standing water, at depths between 20 and
80 cm (Tarrant & Armstrong 2013). Alexander (1990) described the known localities of
H. pickersgilli, whereas Tarrant & Armstrong (2013) used predictive modelling and surveying
of high probability areas (>60%) to examine the potential distribution of the species based
on known localities. Findings based on MaxEnt modelling indicate that the extent of occur-
rence (EOO) was more extensive than previously thought but that actual area of occupancy
(AOO) was reduced. The most recent Red Listing assessment puts the EOO at 4 768 km? and
the AOO at 12 km? (IUCN 2016). The total number of known sites for the species is approxi-
mately 25 as of January 2018. Of the 25 known population localities, only two are found in
Protected Areas (Umlalazi Nature Reserve and iSimangaliso Wetland Park). The declining
AQO, and increased perceived threats, have resulted in the IUCN Red List classification of
H. pickersgilli being updated from Rare (1994) to Vulnerable (1996), Endangered (2004), Cri-
tically Endangered (2010) and most recently back to Endangered (2016). The reclassification
to Endangered stemmed from an increase in known localities, as a result of ongoing surveys.

Figure 1. Representative images of Pickersgill's Reed Frog (A) Male and (B) Female. Photo credit Nick
Evans.
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Habitat loss has been identified as a major threat to H. pickersgilli populations (Tarrant &
Armstrong 2017). As a result of urbanisation, mining, agriculture (in particular drainage of
wetlands for the establishment of sugar cane) and sylviculture (especially eucalyptus plan-
tations, which can dry out wetlands) has caused several historically known sites to be
eliminated, whereas many others are experiencing a decline in the quality of their
habitat (Johnson & Raw 1989; Armstrong 2001; Bishop 2004; Measey 2011; Tarrant &
Armstrong 2017). This transformation has resulted in the steady reduction of suitable
habitat and the severe fragmentation of this species’ distribution whereby the natural
habitat of H. pickersgilli is often restricted to small patches. Lack of management and
minimal formal protection puts these sites at risk of further deterioration. In order to miti-
gate the risk of extinction for the species, a Biodiversity Management Plan for Species
(BMP-S) was compiled (Tarrant & Armstrong 2017) and gazetted by the Minister of
Environmental Affairs of South Africa in June 2017. The BMP-S outlines a number of objec-
tives aimed at the conservation of H. pickersgilli and identifies actions necessary to address
the threats currently facing the species through implementation by various role players.
These include rehabilitation of existing sites, and the facilitation of Biodiversity Steward-
ship or community stewardship agreements to help secure currently unprotected sites
(Tarrant & Armstrong 2017). Additionally, conservation research, including long-term
monitoring and development of ex-situ breeding programmes have been identified as
part of these objectives (Tarrant & Armstrong 2017).

An additional objective of the BMP-S is to understand the possible effect of habitat frag-
mentation on the species’ genetic structure in order to guide possible relocation or reintro-
duction efforts (Tarrant & Armstrong 2017). The aim of the current study, therefore, was to
investigate the genetic diversity and population structure of H. pickersgilli using novel
species-specific nuclear markers and mitochondrial DNA data in order to describe
current, and infer historical, patterns of genetic structure. We hypothesise that, because
of habitat fragmentation, barriers to gene flow resulting from physical separation and/or
a lack of connectivity between various localities have resulted in groupings that may
show some genetic distinction according to sampling locality. In addition, we predict that
genetic diversity of H. pickersgilli may be low, because of habitat loss and fragmentation.

Materials and methods
Sampling and DNA isolation

A total of 48 H. pickersgilli toe clip samples were collected from 12 localities within the
species’ range (Supplementary Table 1, Fig. 2). Ethical approval for this project was
obtained from the North-West University (NWU) and the Endangered Wildlife Trust
(EWT). Permits for sampling were obtained from the provincial conservation authority,
Ezemvelo KZN Wildlife (Permit No. OP 5080/2013). DNA was extracted using the
DNeasy® Blood and Tissue Kit (QIAGEN) according to manufacturer extraction protocol.

Species-specific microsatellite development

Microsatellite enrichment was performed on three H. pickersgilli samples (AACRG2454,
AACRG2461, AACRG2462) using Fast Isolation by AFLP of Sequences Containing repeats
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Figure 2. (A) Map of South Africa indicating the relative position of the KwaZulu-Natal province. (B)
KwaZulu-Natal province showing the localities of Hyperolius pickersgilli samples used in the current
study (triangles) in relation to precipitation (mm rainfall per year). Samples used in the current
study originated (N—S) from: St Lucia; Port Durnford, Kraal Hill, Forest Lodge and Umlalazi Nature
Reserve (Mtunzini cluster); Simbithi Eco Estate; Mount Moreland; and Prospecton, SAPREF, Isipingo,
Widenham and Sezela (Durban South cluster).

(FIASCO) (Zane et al. 2002; Cortinas et al. 2006) with the following probes; (AGGG),, (GTG)s,
(GTA)s, (AQ)s5, (AAAT)s, (ATA)s, (CT)s and (TGC)s. The microsatellite-enriched libraries (insert
size 300-1 500 base pairs) were pooled and sequenced on the Illumina MiSeq PE300 plat-
form at Ingaba biotec (Pretoria, Gauteng, South Africa). Sample preparation and analytical
processing were performed at Inqaba biotec using their established protocols. The
program MSATCOMMANDER version 0.8.1 (Faircloth 2008) was used to search the result-
ing reads for microsatellite motifs between two and six bp and with >8 repeats in length. A
total of 53 microsatellite repeats were identified. Primers flanking repeat regions were
designed using PRIMER 3 software for 26 loci (Rozen & Skaletsky 1997), and of these, 15
primer pairs were identified as polymorphic.

Mitochondrial DNA sequencing and microsatellite genotyping

Both mitochondrial and microsatellite markers were used in the current study. PCR amplifi-
cation and sequencing were conducted for samples (n = 34) representing all 12 localities.
Mitochondrial 16S was amplified using the following primer pairs: 165A (5'-CGCCTGTTTAT-
CAAAAACAT-3’) and 16SB (5-CCGGTCTGAACTCAGATCACGT-3') and the COI region was
amplified and sequenced according to the protocols outlined by Hsieh et al. (2001).
Sequences were edited and a concatenated 16S/COI dataset (1 212 nts) created using
BioEdit v. 7.2.5 (Hall 1999). The best fit model of sequence evolution was selected using
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jModeltest under the Akaike Information Criterion (AIC) (Posada 2008). Maximum
likelihood and neighbour-joining analyses were carried out in MEGA6 (Tamura et al.
2013). Maximum likelihood was run under the GTR + I+G model with 1 000 non-parametric
bootstrap replications using a heuristic search. Neighbour-joining analysis was run using
the p-distance method with 1 000 non-parametric bootstrap replications using a pairwise
deletion method. Bayesian inference was implemented in MrBayes v.3.1.2 (Huelsenbeck &
Ronquist 2001) using four Markov chains for five million generations each, sampling every
100 generations, ensuring that the standard deviation of the split frequencies was less
than 0.01. The chains were heated with the temperature scaling factor T=0.02. The first
50 000 trees were discarded as burn-in, in each case having checked in a preliminary
run that this was more than sufficient to achieve stationarity. A 50% majority-rule consen-
sus tree was constructed from the remaining trees. Hyperolius marmoratus, Heterixalus
madagascariensis and Tachycnemis seychellensis all belong to the Hyperoliinae subfamily
and were selected as outgroups for analysis (Vences et al. 2003). Phylogenetic relation-
ships between haplotypes were estimated using TCS v. 1.21 (Clement et al. 2000) to
create a statistical parsimony network at 95% confidence. Haplotype and nucleotide diver-
sity, neutrality tests, i.e. Fu & Li’'s F* and D* (Fu & Li 1993), Fu’s Fs (Fu 1997) and Tajima’s D
(Tajima 1989), and population size change tests, i.e. mismatch distribution, raggedness (rg)
and Ramos-Onsins and Rozas (R2) statistics, were performed on the full mitochondrial
dataset (34 individuals combined) in DnaSP v. 5.10 (Librado & Rozas 2009) to search for
signs of population expansion.

The 15 microsatellites for H. pickersgilli identified above were found to be suitably poly-
morphic for the purposes of the current study (as shown in Table 1). Amplifications were
carried out in 15 pl reaction volumes containing 1X PCR buffer (Promega Corporation), 1.5
2.5 mM MgCl, (Promega Corporation), 200 uM deoxynucleoside-triphosphate mixture
(dNTPs), 10 pmol of each primer (forward and reverse), 1 U ul~' Promega GoTaq® Flexi
DNA polymerase (Promega Corporation) and 10-20 ng genomic DNA template. The
thermal cycling parameters were as follows: 95 °C for 5 min; 30 cycles of (95 °C for 30 s,
50-65 °C for 30 s and 72 °C for 30 s); 72 °C for 20 min. PCR products were pooled together
and run against internal size standard Genescan™ 500 LIZ™ (Applied Biosystems Inc.) on
an ABI 3130 Genetic Analyzer (Applied Biosystems). Samples were genotyped using Gen-
eMapper v. 4.0. MICRO-CHECKER (Van Oosterhout et al. 2004) was used to detect possible
genotyping errors, allele dropout and null alleles. Preliminary tests of pairwise Fst dis-
tances showed no statistical significance between the 12 localities (Supplementary
Table s 2 and 3); therefore localities separated by <30 km in distance were placed into
four sub-population groups for analysis: (1) St Lucia (n =4), (2) Mtunzini/Umlalazi cluster
(Port Durnford, Kraal Hill, Forest Lodge and Umlalazi Nature Reserve) (n=9), (3) Sim-
bithi/Mt Moreland (n=19) and (4) Durban South cluster (Prospecton, SAPREF, Isipingo,
Widenham and Sezela) (n=16) (Fig. 2). MS Toolkit (Park 2001) calculated the mean
number of alleles per locus (A), observed heterozygosities (Hp), expected heterozygosities
(Hg) and deviations from Hardy-Weinberg equilibrium (HWE), whereas GenAlEx (Peakall &
Smouse 2012) was used to estimate the level of genetic diversity. Linkage disequilibrium
between pairs of microsatellite loci within each species and locus was evaluated using
GenePop v. 4.0 (Raymond and Rousset 1995). Associated probability values were corrected
for multiple comparisons using Bonferroni adjustment for a significance level of 0.05. Fsr-
based hierarchical analysis of molecular variance (AMOVA) was calculated using Arlequin



Table 1. List of species-specific microsatellite markers developed for Hyperolius pickersgilli.

Marker name Forward Reverse Motif Dye Expected product Size (Bp) Annealing temperature
PFG1 CTGGCAGGCAGATAGAGGC ACAGCATCTTTGTGTGCAGC AGAT Ned 328 58 °C
PFG2 CTGAGTAACCCTTCCCACCC CTTTGGGATGTGGTGGAACG AGAT Ned 186 50 °C
PFG4 GCCACATCGACCAGTGTTTG CGTGTGTGCGGGCTATTTAC AGAT Vic 186 50 °C
PFG5 AAGTGATTTCAGGGAAGGGC CAGGCAATGTCTCTGCTCAC AGAT Vic 307 58 °C
PFG7 TAACACAATGGACCTGCAGC CCTAACAATGCACCGGGATG AGAT Fam 163 50 °C
PFG8 GCATAGGAAGGGACAGAGGG AACGCTGCAAACCCACAAC AGAT Fam 299 58 °C
PFG9 CGGTATGGCCACCTTACAAC TGGGTCTGAATCAGGAAAGG AGAT Pet 21 50 °C
PFG10 CCTGAGCCAAAATTATTGCAG CTCCACACCAGGTCCGAATA AGAT Pet 170 50 °C
PFG13 GGCGCATCCTTATAAATGGC GCTCCTGAGTTCTGTGATTGG AGAT Vic 167 50 °C
PFG14 TATGAAACGGGAGCCAGGAG GTGTTCCAGTTCGCAACCTG AGAT Vic 217 50 °C
PFG16 TTGCATACATAATTGCAGCGAG CTACAGACAAAGGAGCAGAGG AGAT Fam 224 50 °C
PFG17 CTCTGTCACTAGATCCCGACC TAGACTTCAAGGGACCTGGC AGAT Fam 152 50 °C
PFG26 TGCTGGATCACTACTGTCGG CCAGAACAAACAACACAAAGGG AGAT Ned 164 50 °C
PFG27 AAAGCGCTCCTAGTGGGTTT TTCATGCGAGCAGAAAAATG AGAT Ned 232 50 °C
PFG33 TTGATTTACTGCGAGCCTGC TATCCGGGACTTCTGTGTGG AGAT Pet 280 50 °C
PFG34 TTCAAACCTGCAAGCTCTCC AACAGAGCGTGGAGAAGACC ACTC Pet 140 50 °C

WV 13IZIONY () 9
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v. 3.5.1.2 (Excoffier & Lischer 2010) to determine the level of genetic variation among and
within the four sub-populations. STRUCTURE v. 2.3.3 (Pritchard et al. 2000) was used to
infer the pattern of genetic structure among locality groups via Bayesian clustering analy-
sis. Analysis was conducted where 4 runs for each K (1-12) were implemented with a
Markov Chain Monte Carlo run-length of 500 000 generations, following a burn-in
period of 20 000 iterations. Assessments were conducted without prior population infor-
mation (option USEPOPINFO = 0). Posterior probabilities were calculated from the aver-
aged four values for the estimated In(Pr(X|K)). STRUCTURE HARVESTER (Earl & vonHoldt
2012) was used to determine the K with the greatest increase in posterior probability
(AK), i.e. the most likely number of sub-populations, following the Evanno method
(Evanno et al. 2005).

Results
Phylogenetic analysis

Maximum likelihood, neighbour-joining and Bayesian analysis of concatenated mitochon-
drial 16S and COlI regions revealed congruence across their tree topologies. A lack of dis-
tinct phylogenetic structure was observed among the H. pickersgilli populations (Fig. 3).
The H. pickersgilli samples were monophyletic with respect to the out-groups with
strong support (100% bootstrap support; 1.00 posterior probability). The majority of
branches within H. pickersgilli were poorly supported with most bootstrap values below
70%. Pairwise genetic distances between individuals had similar values, ranging
between 0% and 1.2%, with the highest genetic distances observed between samples
St Lucia-HP50 and SAPREF-HP45. A lack of divergence (0%) was observed between the
four sub-population groups (localities separated by <30 km in distance). Analysis in TCS
identified a total of 15 haplotypes using concatenated 16S and COl data (Fig. 4). An inter-
connected median-joining network depicts H2 (15 samples; 8 localities) and H11 (6
samples; 5 localities) as the most common haplotypes. Nucleotide diversity (m) values
for both mitochondrial regions are particularly low (0.003), whereas haplotype diversity
(h) is relatively higher (0.786). Hyperolius pickersgilli may be an expanding population,
because models of demographic population expansion follow expected trends of high
haplotype diversity and low nucleotide diversity (Slatkin & Hudson 1991). Additionally,
the mismatch distribution analysis (Fig. 5) showed a unimodal pattern and both ragged-
ness and R2 statistics were low (although not significant), indicating that the curve fits
the sudden expansion model. Tajima’s D statistic was significantly negative, indicative
of recent population expansion; however Fu's Fs was not significant and Fu & Li's D*
and F* were significantly negative, which does not meet the expectations for demographic
expansion (Peck & Congdon 2004).

Genetic diversity and population structure

A total of 235 microsatellite alleles were observed from 48 samples, with the number of
alleles per locus ranging from 11 to 23, with an average of 15.7 alleles per locus.
Absence of null alleles was observed, linkage disequilibrium was not detected and group-
ings did not show any significant deviation from HWE (Table 2). The mean Hp value for
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Figure 3. Phylogenetic tree based on 1 212 nucleotides of 16S and COI concatenated sequence data
depicting the relationship between 34 samples of Hyperolius pickersgilli with respect to the various out-
groups H. marmoratus, Heterixalus madagascariensis and Tachycnemis seychellensis. Analysis on the full
mitochondrial dataset was conducted per individual. Bootstrap and posterior probability support is
given at the nodes.

populations across all loci was 0.773 with the highest value found in the Simbithi/Mt More-
land (0.809). Mean Hg and uHg values were 0.808 and 0.865, respectively, with the highest
values observed in the Durban South cluster (Hg: 0.864; uHg: 0.896). Expected heterozyg-
osity values (Hg) were lowest in St Lucia (0.682), which comprises fewer samples, and
the highest in groups with greater sample numbers, i.e. Simbithi/Mt Moreland (19
samples) and Durban South (16 samples). The highest allelic richness (AR) (3.427) and
Fis (0.140) values were found in the Durban South cluster. Fis values were not significant,
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Figure 4. Median-joining, statistical parsimony haplotype network for 16S and COI concatenated data.
Circles represent the various haplotypes (numbered) and colours indicate sampling localities. Connect-
ing dots represent missing haplotypes.

which may indicate a lack of inbreeding within these sub-populations. Pairwise Fst values
ranged from 0.030 (Simbithi/Mt Moreland-Durban South) to 0.091 (Simbithi/Mt More-
land-St Lucia) with the highest average distance found between St Lucia and the other
populations (0.087). Average pairwise Fst showed that Durban South had the lowest dis-
tance from other populations (0.053). Analysis of molecular variance (AMOVA) revealed the
greatest source of variation in H. pickersgilli to be within individuals (75%), and the lowest
source among populations (3%). 22% of variance is accounted for by variation among indi-
viduals. Fis (0.222), Fst (0.030) and Fi; (0.246) statistics for the full data set were each sig-
nificant (p (random value > observed value) = 0.001).

The genetic relationship between the sub-populations, inferred via STRUCTURE, ident-
ified K=2 as the most probable K value (Fig. 6), where K=2 (Supplementary Fig. 4)
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Figure 5. Observed and expected mismatch distribution under the sudden population expansion
model for Hyperolius pickersgilli throughout the KwaZulu-Natal region. Neutrality test results for Fu
& Li's D* (p < 0.02) and F* (p < 0.02), Fu’s Fs, and Tajima’s D (p < 0.01) are included, as well as ragged-
ness (rg) and Ramos-Onsins and Rozas (R2) based on mitochondrial 16S and COI concatenated data.

Table 2. Microsatellite-based pairwise Fsr values estimated during AMOVA (above diagonal) and
pairwise distances based on concatenated mtDNA 16S and COl data (below diagonal) for four
locality groupings: (1) St Lucia, (2) Mtunzini/Umlalazi (Port Durnford, Kraal Hill, Forest Lodge and
Umlalazi), (3) Simbithi/Mt Moreland and (4) Durban South (Prospecton, SAPREF, Isipingo, Widenham
and Sezela). Outgroups Hyperolius marmoratus, Heterixalus madagascariensis and Tachycnemis
seychellensis are included for mtDNA pairwise genetic distances.

1 2 3 4 5 6 7
1 St Lucia - 0.086 0.091 0.085 n/a n/a n/a
2 Mtunzini/Umlalazi 0.000 - 0.048 0.044 n/a n/a n/a
3 Simbithi/Mt Moreland 0.000 0.000 - 0.030 n/a n/a n/a
4 Durban South 0.000 0.000 0.000 - n/a n/a n/a
5 H. marmoratus 0.122 0.123 0.123 0.123 - n/a n/a
6 H. madagascariensis 0.145 0.145 0.146 0.145 0.141 - n/a
7 T. seychellensis 0.399 0.399 0.400 0.399 0.386 0.346 -

displayed the greatest posterior probability (Evanno et al. 2005). However, given the lack
of genetic structure observed, K= 1 may represent the most probable number of groups,
but because of the nature of the analysis, AK cannot be K= 1 (Earl & vonHoldt 2012).

Discussion
Genetic structure

The current study sought to examine the genetic structure of the range-restricted species
H. pickersgilli using both mitochondrial and nuclear DNA data. Hyperolius pickersgilli popu-
lations inhabit a very small total area, with an AOO of only 12 km? spread across the coast
line of KwaZulu-Natal province of South Africa (IUCN 2016). Complex spatial structure over
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Figure 6. Graph illustrating probabilities of assignment of individuals to different genetic clusters (Q)
(K'=2) based on microsatellite genotypes. Each individual is represented by a single vertical line and
each colour within the column represents the relative likelihoods of that individual belonging to each
of the two defined clusters. Numbers on the x-axis correspond to the various samples and their respect-
ive localities: (1) St Lucia, (2) Mtunzini/Umlalazi (Port Durnford, Kraal Hill, Forest Lodge and Umlalazi),
(3) Simbithi/Mt Moreland and (4) Durban South (Prospecton, SAPREF, Isipingo, Widenham and Sezela).

shorter distances has been reported in other amphibian species, because of their poor dis-
persal ability and the presence of physical barriers, such as elevational difference, ridges
and/or watersheds (Funk et al. 2005; Angelone et al. 2011). Contrary to the expectation
of genetic separation according to the geographical locality, genetic analysis shows that
there is no specific phylogeographic structure among H. pickersgilli individuals sampled
across the 12 localities. Maximum likelihood, neighbour-joining and Bayesian analysis
show the clear separation of H. pickersgilli from the various outgroups, as a single clade
with relatively poorly supported subgroups (Fig. 3). Internal structuring according to geo-
graphical location is absent and samples appear to be randomly associated (Fig. 3). These
findings are also supported by the median-joining haplotype network that displays
sharing of mitochondrial haplotypes among localities (Fig. 4). The haplotype network con-
sists of 15 haplotypes from 34 samples with the two major shared haplotypes comprising
individuals from various localities across the range, e.g. haplotype 2 comprised samples
from iSipingo wetland, Mount Moreland, Port Durnford, Durban South, SAPREF, Simbithi
Eco-Estate, St Lucia and Widenham (Fig. 4). Low genetic diversity based on mtDNA analy-
sis, coupled with the high frequency of a single haplotype, may be indicative of a recent
radiation of the species (Hewitt 1996, 2000), which would suggest a more recent occu-
pation of the range. Although expansion may be a possibility, as evidenced by the unim-
odal mismatch distribution (Fig. 5), significantly negative Tajima’s D and low nucleotide
diversity coupled with high haplotype diversity, does not support this assertion. Hence
the observation of the presence of a high frequency haplotype could potentially have
arisen, because of a different process, such as a selective sweep. Results suggest the exist-
ence of recent past or present gene flow between individuals from the various localities.
Although the distribution of H. pickersgilli has become more fragmented with recent land-
scape changes that have altered the species’ habitat (Measey 2011), these changes have
occurred over a relatively short timeframe of a few decades and do not appear to be
sufficient to produce observable genetic differences.

Microsatellite genotype analysis is consistent with the mitochondrial data, indicating
limited genetic structure (K= 2). The STRUCTURE bar plot shows admixture of genotypes
and illustrates the random distribution of assignment probabilities across the 12 popu-
lations (Fig. 6). This suggests that there is gene flow between the various populations,
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resulting in the lack of genetic structure observed. This finding is supported by low
pairwise Fst values between the defined sub-populations (ranging from 0.030 to 0.091)
(Table 3). Although several private alleles were observed in samples from each locality,
this is more likely to be because of the high number of alleles per marker in combination
with low sample numbers. Additionally, an analysis of molecular variance (AMOVA) revealed
the greatest source of variation to be within individuals (75%), whereas variation among
populations accounts for the lowest percentage (3%) (Table 4). The lack of significant devi-
ation from HWE also points to the maintenance of gene flow among populations (Table 3).

Both mitochondrial and nuclear data accordingly refute the hypothesis that
H. pickersgilli samples separate according to geographical locality on a local scale,
because of habitat fragmentation. Weak genetic structure is a common trend found in
amphibian populations appearing on small geographic scales with limited distributions
(Rowe et al. 2000). In addition, the lack of topographic complexity in this coastally
restricted species is consistent with the lower genetic divergences observed within
many lowland frog species (Guarnizo & Cannatella 2013; Rodriguez et al. 2015). Results
from the current study indicate that gene flow between H. pickersgilli localities is not
restricted or has at least occurred in the relatively recent past. Current knowledge on
the distribution of H. pickersgilli, authenticated by surveys guided by predictive modelling
(Tarrant & Armstrong 2013), documents the addition of new subpopulations, as well as a
minimal increase in area of occupancy (from 9 km? to 12 km?), accordingly supporting the
hypothesis that the range was fairly continuous in the recent past.

Genetic diversity

The ability to adapt to ever-changing environmental conditions is afforded by the genetic
diversity of an organism, and populations lacking genetic diversity may be unable to adapt
to environmental change (Frankham et al. 2002). Hyperolius pickersgilli groups display
similar diversity values with a relatively high average Hg of 0.773 across all samples
(Table 3). These values are similar to demographically sTable species (Ho ~ 0.85; Allendorf
& Luikart 2007). Moderate to high observed heterozygosity coupled with low, non-signifi-
cant inbreeding coefficients (Fs) (Table 3) suggest a relatively high level of genetic diver-
sity within H. pickersgilli. Hyperolius pickersgilli has therefore been able to maintain
relatively high levels of genetic diversity, despite landscape changes. Although the

Table 3. Descriptive statistics averaged across all loci for Hyperolius pickersgilli from four locality
groupings: (1) St Lucia, (2) Mtunzini cluster (Port Durnford, Kraal Hill, Forest Lodge and Umlalazi), (3)
Simbithi/Mt Moreland and (4) Durban South cluster (Prospecton, SAPREF, Isipingo, Widenham and
Sezela). Number of samples (n), number of alleles (N), number of effective alleles (Ng), observed
heterozygosity (Ho), expected heterozygosity (Hg), unbiased expected heterozygosity (uHg), allelic
richness (AR), inbreeding coefficient (Fs) and deviation from Hardy-Weinberg equilibrium (HWE).
NS = non-significant deviation.

Population n N Ne Ho He uHg AR Fis HWE
St Lucia 4 4.200 3.455 0.717 0.682 0.796 2.979 0.119 NS
Mtunzini/Umlalazi 9 7.867 5.736 0.788 0.821 0.878 3.331 0.108 NS
Simbithi/Mt Moreland 19 16.067 7.758 0.809 0.863 0.891 3414 0.094 NS
Durban South 16 14.400 7.725 0.777 0.864 0.896 3.427 0.140 NS

Mean 10.634 6.169 0.773 0.808 0.865 3.288 0.115 NS
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Table 4. Analysis of Molecular Variance among and within Hyperolius pickersgilli individuals from 12
South African populations. Fixation indices were as follows: Fis =0.222, Fst = 0.030, fr = 0.246. Based
on 16 000 permutations, all values were significant (p < 0.01).

Source of variation DF Sum of squares Variance components Percentage variation
Among populations 3 38.086 0.207 3
Among individuals 44 357.070 1474 22
Within individuals 48 248.000 5.167 75
Total 95 643.156 6.848 100

KwaZulu-Natal coastal area has been surveyed for various amphibian fauna, the detection
of H. pickersgilli in the wild can be difficult, because of its inconspicuous nature (Raw, 1982;
Tarrant & Armstrong 2013). This cryptic nature, coupled with the recent discoveries of
H. pickersgilli in new localities (thereby increasing the area of occurrence) indicates that
there are likely additional localities that have not yet been discovered. The protection
and management of these habitats is necessary to provide corridors for these populations
and accordingly maintain high levels of gene flow. Although H. pickersgilli currently dis-
plays high genetic diversity, it is likely that landscapes will continue to change with con-
tinued urbanisation, mining, and other land uses. Although the -cultivation of
monocultures on wetlands is prohibited in South Africa (Conservation of Agricultural
Resources Act No. 43 of 1983), the ongoing loss of habitat along the KwaZulu-Natal
coast is pervasive and results not only in direct loss of breeding sites, but in the loss of
habitat corridors necessary to promote movement between the sites. Hyperolius pickers-
gilli, because of its restricted habitat, is sensitive to environmental change (Russell &
Downs 2012).

The case of H. pickersgilli clearly demonstrates the challenges involved in amphibian
conservation. One of the key requirements for species management is the need to identify
and gather information regarding the abundance and distribution of individuals and/or
populations of the species across their range (Shaffer et al. 2015). Although data collection
is possible, the cryptic nature of most amphibians requires intensive sampling and survey
effort over several years/generations (Beebee and Griffiths 2005; Shaffer et al. 2015).
Additionally, constant resampling and resurveying needs to be done to provide better esti-
mates of temporal changes in population numbers and distribution (Skelly et al. 2003).
Identifying key populations can aid in identifying potential areas for protection (Petit
et al. 1998), especially in the case of widespread species, however this can be problematic
for those species with limited range.

Species with limited distributions have a relatively smaller range but not all areas within
the range can be designated as areas needing protection. Those groups outside of
reserves will be subject to a higher level of threat, especially where habitat destruction
is concerned, because small losses in habitat have greater impact for those species with
restricted ranges (Pimm et al. 2014). Additionally, some frog species, e.g. Rana catesbeiana
(Austin et al. 2004), R. temporaria (Brede & Beebee 2004) and H. pickersgilli from this inves-
tigation, show evidence of gene flow. This raises the question of how best to define key
populations, ESUs (evolutionary significant units) and/or MUs (management units)
(Shaffer et al. 2015) as priorities for protection, especially when there is a clear lack of
genetic distinction or groupings among individuals.
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Combining genetic analyses with field-based demographic studies may be the most
effective approach for the development of conservation management plans (Shaffer
et al. 2015). Increased understanding of populations and their structure, dynamics and
behaviours, including migration, expansion or decline, may help identify priority popu-
lations and/or areas for species with limited distributions (Marsh & Trenham 2001). With
this in mind, it is apparent that there is a need for continued studies, both genetic and
ecological, on the H. pickersgilli population of South Africa. Long-term studies/obser-
vations, as well as monitoring of species response to additional habitat change and/or con-
servation efforts, will help officials implement more effective management plans,
including the identification and preservation of priority habitats. Conservation of this
endangered species should remain a top priority in order to maintain current, representa-
tive levels of genetic diversity.

Acknowledgements

We thank the following for the collection or provision of samples: Dr Adrian Armstrong, Carl Schloms,
Cherise Acker-Cooper, Ché Weldon, the late lan Visser, Jiba Magwaza, Mea Trenor, Nick Evans and the
late Ryan Bowman. We thank Lizanne Roxburgh for assistance with the map and Nick Evans for
photos. Funding for this project was provided by the Disney Conservation Fund, Mohamed Bin
Zayed Species Conservation Fund and Rand Merchant Bank.

ORCID
Desire L Dalton (© http://orcid.org/0000-0001-5975-6425

References

Alexander GJ. 1990. Reptiles and amphibians of Durban. Durban Mus Novit. 15:1-41.

Allendorf FW, Luikart G. 2007. Conservation and the Genetics of Populations. Malden, Massachusetts,
USA: Blackwell Publishing.

Angelone S, Kienast F, Holderegger R. 2011. Where movement happens: scale-dependent landscape
effects on genetic differentiation in the European tree frog. Ecography. 34(5):714-722.

Armstrong AJ. 2001. Conservation status of herpetofauna endemic to KwaZulu-Natal. Afr J Herpetol.
50(2):79-96.

Austin JD, Lougheeed SC, Boag BT. 2004. Controlling for the effects of history and non-equilibrium
conditions in gene flow estimates in northern bullfrog (Rana catesbeiana) populations. Genetics.
168(3):1491-1506.

Beebee TJC, Griffiths RA. 2005. The amphibian decline crisis: a watershed for conservation biology.
Biol Conserv. 125(3):271-285.

Bishop PJ. 2004. Hyperolius pickersgilli species account. In: Minter LR, Burger M, Harrison JA, Braack
HH, Bishop PJ, Kloepfer D, editors. Atlas and Red Data Book of the Frogs of South Africa,
Lesotho and Swaziland. SI/MAB Series No. 9. Washington (D.C.): Smithsonian Institution. p. 143-
145.

Brede EG, Beebee TJC. 2004. Contrasting population structure in two sympatric anurans: implications
for species conservation. Heredity. 92(2):110-117.

Channing A. 2001. Amphibians of Central and Southern Africa. London: Cornell University Press.

Clement M, Posada D, Crandall KA. 2000. TCS: a computer program to estimate gene genealogies.
Mol Ecol. 9(10):1657-1659.

Cortinas MN, Barnes |, Wingfield BD, Wingfield MJ. 2006. Polymorphic microsatellite markers for the
Eucalyptus fungal pathogen Colletogloeopsis zuluensis. Mol Ecol Notes. 6(3):780-783.


http://orcid.org/0000-0001-5975-6425

AFRICAN JOURNAL OF HERPETOLOGY 15

Cushman SA. 2006. Effects of habitat loss and fragmentation on amphibians: a review and prospec-
tus. Biol Conserv. 128(2):231-240.

Du Preez LH, Carruthers V. 2009. A Complete Guide to the Frogs of Southern Africa. Cape Town: Struik
Nature.

Earl DA, Vonholdt BM. 2012. STRUCTURE HARVESTER: a website and program for visualizing
STRUCTURE output and implementing the Evanno method. Conserv Genet Resour. 4(2):359-361.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of clusters of individuals using the soft-
ware STRUCTURE: a simulation study. Mol Ecol. 14(8):2611-2620.

Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5: a new series of programs to perform population
genetics analyses under Linux and Windows. Mol Ecol Resour. 10(3):564-567.

Faircloth BC. 2008. MSATCOMMANDER: detection of microsatellite repeat arrays and automated,
locus-specific primer design. Mol Ecol Resour. 8(1):92-94.

Frankham R. 1995. Conservation genetics. Annu Rev Genet. 29(1):305-327.

Frankham R, Briscoe DA, Ballou JD. 2002. Introduction to conservation genetics. Cambridge
University Press.

Fu YX. 1997. Statistical tests of neutrality of mutations against population growth, hitchhiking and
background selection. Genetics. 147:915-925.

Fu YX, Li WH. 1993. Statistical tests of neutrality of mutations. Genetics. 133:693-7009.

Funk VA, Bayer RJ, Keeley S, Chan R, Watson L, Gemeinholzer B, Schilling E, Panero JL, Baldwin BG,
Garciajacas N, et al. 2005. Everywhere but Antarctica: using a supertree to understand the diversity
and distribution of the Compositae. Biol. Skr. 55:343-374.

Gardner TA, Barlow J, Peres CA. 2007. Paradox, presumption and pitfalls in conservation biology: the
importance of habitat change for amphibians and reptiles. Biol Conserv. 138(1-2):166-179.

Gibbs JP, Shriver WG. 2005. Can road mortality limit populations of pool-breeding amphibians?
Wetlands Ecol Manage. 13(3):281-289.

Guarnizo CE, Cannatella DC. 2013. Genetic divergence within frog species is greater in topographi-
cally more complex regions. J Zoological Syst Evol Res. 51:333-340.

Hall TA. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for
Windows 95/98/NT. Nucleic Acids Symp Ser. 41:95-98.

Hamer AJ, Mcdonnell MJ. 2008. Amphibian ecology and conservation in the urbanising world: a
review. Biol Conserv. 141(10):2432-2449.

Hels T, Buchwald E. 2001. The effect of road kills on amphibian populations. Biol Conserv. 99(3):
331-340.

Hewitt GM. 1996. Some genetic consequences of ice ages, and their role in divergence and specia-
tion. Biol J Linn Soc Lond. 58(3):247-276.

Hewitt G. 2000. The genetic legacy of the Quaternary ice ages. Nature. 405(6789):907-913.

Hsieh H, Chiang H, Tsai L, Lai S, Huang N, Linacre A, Lee J. 2001. Cytochrome b gene for species
identification of the conservation animals. Forensic Sci Int. 122(1):7-18.

Huelsenbeck JP, Ronquist F. 2001. MRBAYES: bayesian inference of phylogenetic trees.
Bioinformatics. 17(8):754-755.

IUCN SSC Amphibian Specialist Group & South African Frog Re-assessment Group (SA-FRoG). 2016.
Hyperolius pickersgilli. The IUCN Red List of Threatened Species 2016: e.T10644A77165927.
https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T10644A77165927.en.

Johnson PALRGR, Raw LRG. 1989. The herpetofauna of sugarcane fields and their environs on the
north coast of Natal. Afr J Herpetol. 36(1):11-18.

Lambiris AJL. 1989. A review of the amphibians of Natal. Lammergeyer. 39:1-212.

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis of DNA polymorphism
data. Bioinformatics. 25(11):1451-1452.

Marsh DM, Trenham PC. 2001. Metapopulation dynamics and amphibian conservation. Conserv Biol.
15(1):40-49.

Measey GJ, editor. 2011. Ensuring a Future for South Africa’s Frogs: a Strategy for Conservation
Research. SANBI Biodiversity Series 19. Pretoria: South African National Biodiversity Institute.
Mech SG, Hallett JG. 2001. Evaluating the effectiveness of corridors: a genetic approach. Conserv Biol.

15(2):467-474.


https://doi.org/10.2305/IUCN.UK.2016-3.RLTS.T10644A77165927.en

16 (&) A KOTZEETAL.

Noél S, Ouellet M, Galois P, Lapointe FJ. 2007. Impact of urban fragmentation on the genetic structure
of the eastern red-backed salamander. Conserv Genet. 8(3):599-606.

Park SDE. 2001. The Excel microsatellite toolkit (version 3.1). Dublin: Animal Genomics Laboratory,
University College.

Passmore N, Carruthers V. 1995. South African Frogs: A Complete Guide. Johannesburg:
Witwatersrand University Press.

Peakall R, Smouse PE. 2012. GenAlEx 6.5: genetic analysis in Excel. Population genetic software for
teaching and research-an update. Bioinformatics. 28(19):2537-2539.

Peck DR, Congdon BC. 2004. Reconciling historical processes and population structure in the sooty
tern Sterna fuscata. J Avian Biol. 35(4):327-335.

Petit RJ, El Mousadik A, Pons O. 1998. Identifying populations for conservation on the basis of genetic
markers. Conserv Biol. 12(4):844-855.

Pimm SL, Jenkins CN, Abell R, Brooks TM, Gittleman JL, Joppa LN, Raven PH, Roberts CM, Sexton JO.
2014.The biodiversity of species and their rates of extinction, distribution, and protection. Science.
344(6187):1246752.

Posada D. 2008. jModelTest: phylogenetic model averaging. Mol Biol Evol. 25(7):1253-1256.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure using multilocus gen-
otype data. Genetics. 155:945-959.

Raw LRG. 1982. A new species of reed frog (Amphibia: Hyperoliidae) from the coastal lowlands of
Natal, South Africa. Durban Mus Novit. 13:117-126.

Raymond M, Rousset F. 1995. GENEPOP (Version 1.2): population genetics software for exact tests
and ecumenicism. J Hered. 86(3):248-249.

Reed DH, Frankham R. 2003. Correlation between fitness and genetic diversity. Conserv Biol. 17
(1):230-237.

Rodriguez A, Borner M, Pabijan M, Gehara M, Haddad CF, Vences M. 2015. Genetic divergence in tro-
pical anurans: deeper phylogeographic structure in forest specialists and in topographically
complex regions. Evol Ecol. 29(5):765-785.

Rowe G, Beebee TJ, Burke T. 2000. A microsatellite analysis of natterjack toad, Bufo calamita, meta-
populations. Oikos. 88(3):641-651.

Rozen S, Skaletsky HJ. 1997. Primer3. Primer3 Input (primer3.cgi v 0.2c). http://www.genome.wi.mit.
edu/genome_software/other/primer3.html. [Accessed 5 September 2016].

Russell C, Downs CT. 2012. Effect of land use on anuran species composition in north-eastern
KwaZulu-Natal, South Africa. Appl Geogr. 35(1-2):247-256.

Schigtz A. 1999. Tree Frogs of Africa. Frankfurt am Main: Edition Chimaira.

Shaffer HB, Gidis M, Mccartney-Melstad E, Neal KM, Oyamaguchi HM, Tellez M, Toffelmier EM. 2015.
Conservation genetics and genomics of amphibians and reptiles. Annu Rev Anim Biosci. 3(1):
113-138.

Skelly DK, Yurewicz KL, Werner EE, Relyea RA. 2003. Estimating decline and distributional change in
amphibians. Conserv Biol. 17(3):744-751.

Slatkin M, Hudson RR. 1991. Pairwise comparisons of mitochondrial DNA sequences in stable and
exponentially growing populations. Genetics. 129(2):555-562.

Tajima F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA polymorphism.
Genetics. 123:585-595.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGA6: Molecular Evolutionary Genetics
Analysis Version 6.0. Mol Biol Evol. 30(12):2725-2729.

Tarrant J, Armstrong AJ. 2013. Using predictive modelling to guide the conservation of a critically
endangered coastal wetland amphibian. J Nat Conserv. 21(5):369-381.

Tarrant J, Armstrong AJ. 2017. Biodiversity Management Plan for Pickersgill's Reed Frog
(Hyperolius pickersgilli). Department of Environmental Affairs, Pretoria, South Africa. National
Environmental Management: Biodiversity Act, 2004 (Act No. 10 of 2004). Government Gazette
Notice No. 40883.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P. 2004. MICRO-CHECKER: software for identi-
fying and correcting genotyping errors in microsatellite data. Mol Ecol Notes. 4(3):535-538.


http://www.genome.wi.mit.edu/genome_software/other/primer3.html
http://www.genome.wi.mit.edu/genome_software/other/primer3.html

AFRICAN JOURNAL OF HERPETOLOGY 17

Vences M, Kosuch J, Glaw F, Béhme W, Veith M. 2003. Molecular phylogeny of hyperoliid treefrogs:
biogeographic origin of Malagasy and Seychellean taxa and re-analysis of familial paraphyly. J
Zoological Syst Evol Res. 41(3):205-215.

Zane L, Bargelloni L, Patarnello T. 2002. Strategies for microsatellites isolation: a review. Mol Ecol. 11
(1):1-16.



	Abstract
	Introduction
	Materials and methods
	Sampling and DNA isolation
	Species-specific microsatellite development
	Mitochondrial DNA sequencing and microsatellite genotyping

	Results
	Phylogenetic analysis
	Genetic diversity and population structure

	Discussion
	Genetic structure
	Genetic diversity

	Acknowledgements
	ORCID
	References

