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Abstract

The unambiguous identification of phreatoicidean isopods occurring in the mountainous southwestern region of South Africa is
problematic, as the most recent key is based on morphological characters showing continuous variation among two species: Mesam-
phisopus abbreviatus and M. depressus. This study uses variation at 12 allozyme loci, phylogenetic analyses of 600 bp of a COI (cyto-
chrome ¢ oxidase subunit I) mtDNA fragment and morphometric comparisons to determine whether 15 populations are conspecific,
and, if not, to elucidate their evolutionary relationships. Molecular evidence suggested that the most easterly population, collected
from the Tsitsikamma Forest, was representative of a yet undescribed species. Patterns of differentiation and evolutionary relation-
ships among the remaining populations were unrelated to geographic proximity or drainage system. Patterns of isolation by distance
were also absent. An apparent disparity among the extent of genetic differentiation was also revealed by the two molecular marker
sets. Mitochondrial sequence divergences among individuals were comparable to currently recognized intraspecific divergences. Sur-
prisingly, nuclear markers revealed more extensive differentiation, more characteristic of interspecific divergences. This disparity and
the mosaic pattern of differentiation may be driven by stochastic population crashes and genetic bottlenecks (caused by seasonal
habitat fluctuations), coupled with genetic drift.

O 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The isopodan suborder Phreatoicidea is represented
in southern Africa by the single, endemic genus Mesam-
phisopus (Kensley, 2001; Nicholls, 1943). This genus
probably occupies a basal position among studied phre-
atoicidean genera (Wilson and Keable, 1999) and con-
tains four described species, all occurring within the
Western Cape Province, South Africa: M. capensis, col-
lected from Table Mountain on the Cape Peninsula;
M. penicillatus, collected from a type locality near Herm-
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anus; and M. abbreviatus and M. depressus, collected
from proximate localities in the Hottentot’s Holland
Mountains (the northern slopes of the Kogelberg and
the Steenbras Valley, respectively) (Barnard, 1914, 1927,
1940; Kensley, 2001; Nicholls, 1943). A recent investiga-
tion, however, identified an additional four cryptic spe-
cies, morphologically similar to M. capensis, and it was
furthermore suggested that many individuals sampled
from the southwestern part of South Africa and kept in
museum collections' had been incorrectly identified as

' For example, South African Museum accessions A3992, A3993,
A4006, A4181-A4183, A4186, A4187, A6052, A6932-A6934, and
A6950.
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M. capensis (Gouws et al., 2004). Following the morpho-
logical key of Kensley (2001), it was clear that many of
these specimens and others collected more recently from
proximate localities do not belong to M. capensis or the
four cryptic species identified by Gouws et al. (2004)—
these undescribed species and M. capensis lack a pair of
subapical robust setae dorsally on the pleotelson. Nei-
ther can they be identified as M. penicillatus, which pos-
sesses characteristically heavily setose antennal
peduncles (Barnard, 1940; Kensley, 2001). This leaves
only M. abbreviatus and M. depressus as possibilities for
identification. The majority of these specimens cannot be
unambiguously assigned, using the available diagnoses
and descriptions (Barnard, 1927, Kensley, 2001;
Nicholls, 1943) to either of these two species. These
works document subtle differences in pereon, telson and
gnathopod shape, and coloration between M. abbreviatus
and M. depressus, with the two species primarily distin-
guished by the degree of setation of the head and pereon,
these being more setose in M. depressus (Barnard, 1927,
Kensley, 2001; Nicholls, 1943). However, characters such
as gnathopod and telson shape are known to exhibit
within-population variation (Barnard, 1927), while seta-
tion, in particular, is of only limited systematic impor-
tance (Wilson and Keable, 1999, 2001). The
identification of M. abbreviatus and M. depressus,
described from geographically proximate type localities
(Barnard, 1927), as separate species is questioned in light
of this morphological plasticity. Kensley’s (2001) key is
also of limited use, relying on characters showing contin-
uous variation, such as the extent of setation. As a result,
specimens are easily and equivocally identified as either
species. The broader limitations of the key (and further
evidence of morphological plasticity) are illustrated by
the fact that the presence of the pair of robust subapical
setae dorsally on the pleotelson, used to distinguish
M. capensis from M. abbreviatus, M. depressus, and
M. penicillatus, appears to be a variable character, with
these setae present in frequencies between 0.03 and 1.00
in many of these misidentified collections (unpublished
data).

The use of molecular data to resolve such taxonomic
difficulties and to identify and delineate cryptic species
has become increasingly widespread in crustacean sys-
tematics (King and Hanner, 1998; Larsen, 2001; Sarver
et al.,, 1998; Schubart et al., 1998). Genetic differentiation,
in addition to inferred reproductive isolation and evi-
dence of morphometric differences, has already been pre-
sented as an argument for the delimitation of cryptic
species within the genus Mesamphisopus (Gouws et al.,
2004). However, the establishment of an interspecific
“standard” for the genus or species of interest is critical in
this regard. Underscoring this is an understanding of the
extent of, and patterns of, intraspecific genetic differentia-
tion present among individual populations. A scenario
under which the populations identified as M. abbreviatus

or M. depressus is found to be conspecific would enable
the examination of intraspecific genetic differentiation.
Alternatively, should more than one species be present
among the sampled populations, individual distributions
may be far-ranging enough to enable this.

Classical population genetic theory predicts that taxa
with limited dispersal capabilities will show great levels
of genetic differentiation, resulting from mutation and
genetic drift in the absence of gene flow and selection.
Even sessile or relatively sedentary species, with narrow
individual ranges, may show only limited genetic differ-
entiation between geographically disjunct populations
due to the occurrence of vagile life history stages, where
a negative relationship between the extent of genetic
differentiation and the duration and dispersal efficiency
of free-swimming larval stages has been documented or
is expected (Bohonak, 1999; Burton and Feldman, 1982;
Sponer and Roy, 2002).

Whereas the marine environment has traditionally
been thought to present few obvious physical barriers to
gene flow (Bohonak, 1999) and genetic connectivity
among conspecific populations are regarded as high
(Bahri-Sfar et al., 2000; Bucklin et al., 1997; Rodriguez-
Lanetty and Hoegh-Guldberg, 2002), freshwater
environments are often more complex with habitats
essentially existing as “islands” within the broader terres-
trial environment (Michels et al., 2003; Wishart and
Hughes, 2003). Accordingly, more complex patterns of
differentiation are expected among freshwater isopod
populations than among populations of marine or terres-
trial isopods, where high levels of gene flow and isolation
by distance have often been documented (Beck and Price,
1981; Wang and Schreiber, 1999). General patterns of
restricted gene flow and high levels of genetic differentia-
tion among geographically separated populations have
been reported for riverine organisms (Meyran et al., 1997,
Woolschot et al., 1999), while genetic structure within riv-
erine systems has been proposed to represent a nested
hierarchy (Meffe and Vrijenhoek, 1988), with populations
nested within subcatchments and larger catchments. As
such, and given their predominant restriction to high-alti-
tude streams in broad, mature valleys (Barnard, 1927),
Mesamphisopus populations occurring within the same
drainage system may be expected to be genetically more
similar, with greater genetic differentiation observed
among populations situated in different drainage systems.
These among-drainage relationships, in turn, may be
expected to reflect a pattern of isolation by distance, as
chance of genetic exchange (migrations) among adjacent
drainage systems would be more likely than gene flow
among geographically widely separated drainages. From
the outset, however, genetic differentiation among popu-
lations is expected, and patterns perhaps complicated by
the fact that within the Isopoda, as in other peracarid
Crustacea, young are brooded within a marsupium and
free-swimming larval stages do not occur.
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Fig. 1. Collection localities of the 15 studied populations, with individuals tentatively identified as Mesamphisopus abbreviatus or M. depressus in the
Western Cape Province and Eastern Cape Province, South Africa. Localities included (with drainage systems in parentheses): (1) Betty’s Bay A
(Betty’s Bay marshland), (2) Betty’s Bay B (Disa Stream/Betty’s Bay marshland), (3) Wemmershoek (Berg River), (4) Steenbras A (Steenbras River),
(5) Steenbras B (Steenbras River), (6) Steenbras C (Steenbras River), (7) Kogelberg (Palmiet River), (8) Grabouw (Palmiet River), (9) Greyton (Bre-
ede River), (10) Protea Valley (Breede River), (11) Barrydale (Breede River), (12) Tradouw Pass (Breede River), (13) Grootvadersbos (Breede River),

(14) Riversdale (Vet River), and (15) Tsitsikamma (Storms River).

The aims of the present study are thus twofold. First,
to determine whether populations tentatively identified
as either M. depressus or M. abbreviatus could reason-
ably be regarded as conspecific. To address this, speci-
mens were collected from a large geographic range,
encompassing the type localities of both species and the
collection localities of the above-mentioned, misidenti-
fied museum specimens. As the primary focus of this
study is to address the systematic and taxonomic status
of these populations, other Mesamphisopus species,
which are more easily identifiable and less likely to be
mistaken for M. abbreviatus or M. depressus, are specifi-
cally omitted. (A comprehensive investigation of the
phylogenetic relationships within the entire genus is cur-
rently under preparation.) Second, in light of the above
expectations, the possible evolutionary processes
underlying the patterns of genetic differentiation are
investigated.

2. Materials and methods
2.1. Sampling
Isopods, assigned to either M. abbreviatus or

M. depressus according to the single available key
(Kensley, 2001) and limited species descriptions

(Barnard, 1927; Nicholls, 1943), were collected from 15
localities across the Western Cape Province and East-
ern Cape Province, South Africa (Fig. 1). This sampling
strategy targeted known collection localities of Mesam-
phisopus and attempted to cover the known geographic
extent of the above-mentioned, putatively misidentified
populations. Individuals were also sampled from addi-
tional localities depending on the accessibility of
suitable habitat. Collection localities were typically
high-altitude, first-order streams, seepage areas, or
springs. Collectively, the sampling localities were situ-
ated along an ~450-km transect, stretching from the
Hottentot’s Holland Mountains in the west to the Tsi-
tsikamma Forest in the east and represented seven sep-
arate drainage systems (Fig. 1), including the Berg,
Steenbras, Palmiet, Breede, Vet and Storms Rivers, and
marshlands and lakes around Betty’s Bay. The scale of
sampling, with populations being collected over such a
large area, as well as within close geographical proxim-
ity (e.g., three localities were centered around the Steen-
bras Dam, while two localities, Barrydale and Protea
Valley, were within 1 km of each other), afforded the
opportunity to examine the extent of genetic differenti-
ation over large and local spatial scales. At each local-
ity, isopods were collected by sifting through leaf litter
and sediment using hand nets. Individuals were frozen
(—80°C) or preserved in absolute ethanol upon return
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to the laboratory. Voucher specimens” from each of the
sampled localities were lodged in the collections of the
South African Museum, Cape Town.

2.2. Morphometric analyses

Barnard’s (1927) syntypic series (M. abbreviatus,
South African Museum AS5173; M. depressus, SAM
A4185) were examined to determine whether the two
species could be distinguished morphometrically. All
(N=21) undamaged, mature M. depressus males (indi-
viduals of roughly equal size) and an equal number of
randomly chosen, mature M. abbreviatus males were dig-
itally photographed and measured following the proce-
dures documented in Gouws et al. (2004). Individuals
were determined to be mature by the complete develop-
ment of the penes and their extension to the ventral mid-
line. As the dissection required for the accurate
measurement of pereopod variables was not possible for
the type material, only the set of 22 body (cephalon,
pereon, pleon, and pleotelson) variables was included in
the analysis. Variable details and abbreviations are
presented in Gouws et al. (2004).

Morphometric discrimination between the two species
was examined by means of a standard discriminant func-
tion analysis, using log-transformed (common logarithms)
variables. Classification functions were determined for
each of the two defined groups, using a jack-knifing pro-
cedure. Individuals were then reclassified to groups based
on posterior probabilities. All analyses were performed
using STATISTICA 6.0 (Statsoft, Inc., 2001).

This analysis was then extended to determine whether
individuals sampled from the populations included in
the genetic analyses could be identified as either of the
two species using morphometric criteria. Five of the
largest mature males from each of the populations were
measured for the same 22 variables. Due to insufficient
numbers of individuals being collected from two locali-
ties (and unsuccessful attempts at resampling), only two
individuals were included from the Steenbras A popula-
tion, while no individuals were included from the Betty’s
Bay B locality. Individuals from each population were
classified as M. depressus or M. abbreviatus based on
posterior probabilities using the classification functions
determined above. A posterior probability greater than
0.95 was required for an individual to be identified as
either species or the particular individual was regarded
as unidentified.

2 Voucher specimens (South African Museum accessions): Betty’s
Bay A: A44932, A45218, A45219; Betty’s Bay B: A45216, A45217;
Wemmershoek: A44938, A45232; Steenbras A: A45227; Steenbras B:
A45233; Steenbras C: A45235; Kogelberg: A45236; Grabouw: A44931,
A44944, A45214, A45215; Greyton: A45239, A45240; Protea Valley:
A45237; Barrydale: A45238; Tradouw Pass: A45229; Grootvadersbos:
A44934; Riversdale: A44941; Tsitsikamma: A44935, A45154.

2.3. Allozyme electrophoresis

Individuals from each of the 15 populations were pre-
pared for electrophoresis following the procedures docu-
mented in Gouws et al. (2004). Gels were also run using
identical buffer systems and running conditions (Gouws
et al., 2004). The protocols of Shaw and Prasad (1970)
were used to stain the sites of enzymatic activity of the
allozymes of 12 loci, encoding 10 enzyme systems. Allelic
mobilities were scored relative to the most common
allele in a reference population (Franschhoek, see
Gouws et al., 2004). Numbering of loci and alleles has
also been described previously.

Numerical analyses of allozyme data were performed
using the BIOSYS 1.7 (Swofford and Selander, 1981) and
FSTAT 2.9.3.2 (Goudet, 2001) programs. Observed
genotype frequencies were tested for deviation from fre-
quencies expected under Hardy—Weinberg equilibrium,
using > goodness-of-fit tests and exact probabilities.
P-values were adjusted for table-wide significance using
a sequential Bonferroni technique (Rice, 1989). Genetic
variability measures were examined as in Gouws et al.
(2004). Nei’s (1978) unbiased measures of genetic dis-
tance (D) and identity (/) were calculated from allele fre-
quencies for pairwise comparisons among populations.
Genetic distance values were then used to construct a
neighbor-joining tree (Saitou and Nei, 1987), as well as
an UPGMA-dendrogram (Sneath and Sokal, 1973),
using MEGAZ2.1 (Kumar et al., 2001). The partitioning
of genetic differentiation among populations across the
entire sample was examined using Weir and Cocker-
ham’s (1984) 0 estimates. Estimates of 0 were also
obtained for individual pairwise comparisons of
populations.

2.4. DNA sequencing and sequence data analyses

Although Wetzer (2001) has recommended the use of
the 12S and 16S rRNA gene regions for population- and
species-level isopod studies, the cytochrome ¢ oxidase
subunit I (COI) mtDNA gene has recently found
increasing use in isopod phylogeographic and phyloge-
netic studies. This latter protein-coding gene fragment
has robustly resolved interspecific relationships and,
albeit to a lesser extent, relationships among conspecific
populations of isopods (Ketmaier et al., 2003; Rivera
et al., 2002; Wares, 2001). To assess whether populations
could reasonably be regarded as conspecific across the
range of collection localities and to corroborate or refute
the broad patterns seen from the allozyme data, a frag-
ment of the COI region was amplified from a single rep-
resentative individual from each population. An
additional four to five individuals were sequenced from
four populations (Barrydale, Betty’s Bay A, Protea
Valley, and Wemmershoek) to determine whether the
diversity of haplotypes within single populations would
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impede the examination of phylogenetic relationships
among populations based on single-sequenced individu-
als. These populations were selected to include geneti-
cally divergent populations, following the allozyme and
preliminary sequence data analyses, and to include the
two populations in closest geographic proximity (i.e.,
Barrydale and Protea Valley). A single M. penicillatus
individual as well as a morphologically distinct, unde-
scribed species (Mesamphisopus sp. nov.) were sequenced
as out-groups.

Prior to DNA extraction, individuals (10-20mm)
were twice rinsed in distilled water by centrifugation
(14,000 rpm for 2min) to remove debris and epibionts.
Total genomic DNA was extracted using a commercial
extraction kit (Qiagen DNEasy) or by means of conven-
tional SDS—proteinase K digestion and phenol-chloro-
form:isoamyl alcohol extraction protocols (Hillis et al.,
1996; Sambrook and Russell, 2001).

Polymerase chain reactions were set up in 25 pL vol-
umes, as described in Gouws et al. (2004). The COI
region was primarily amplified using the primer pair
(LCO1490 and HCO2198) of Folmer et al. (1994). As
amplification of certain individuals was problematic,
two “internal” primers were designed; COI-intR (5'-G
CW CCA AGA ATA GAA GAA GC-3’) and COl-intF
(5'-GTT GAA CTG TTT ATC CTC CTT-3'), which
amplify ~420 and ~315bp fragments in combination
with LCO1490 and HCO2198, respectively. The thermal
cycling regime included an initial denaturing step (94 °C)
for 4min, followed by 33 cycles of denaturing (94°C,
155s), annealing (1 min), and extension (72 °C, 1.5min). A
final cycle included annealing for 5min and extension
for 10min. Annealing was performed at 48°C for the
Folmer et al. (1994) primer pair and at 55°C for combi-
nations involving the “internal” primers. Purification
and cycle sequencing of amplicons and automated
sequencing proceeded as described in Gouws et al
(2004). All unique sequences were deposited in GenBank
(Accession Nos. AY948290-AY948307).

Sequences were checked for ambiguity against their
respective chromatograms, using Sequence Navigator
(Applied Biosystems). Due to ambiguity within the first
~15 bases, these characters were trimmed. If further
ambiguities were present, the problematic region was
reamplified using the respective “internal” — Folmer
et al. (1994) primer combination, sequenced, and a con-
sensus sequence was created. As the alignment of the
sequences did not require the insertion of gaps (indels), it
was done manually. Amino acid translations were exam-
ined, using MacClade 4.05 (Maddison and Maddison,
2000), to test for accuracy and functionality of the
sequences. No stop codons were detected in translations
based on the Drosophila mitochondrial code.

Analyses were performed using PAUP*4b10
(Swofford, 2002). Phylogenetic relationships within a
reduced data set, including all unique haplotypes, as well

as a representative individual from each population,
were examined using unweighted parsimony (MP) and
maximum likelihood (ML). In both the MP and the ML
analyses, heuristic tree searches were performed using
the tree-bisection-reconnection branch-swapping algo-
rithm, with a random addition of taxa (100 and 10 repli-
cates in the MP and ML analyses, respectively). Prior to
ML analysis, the most appropriate model of sequence
evolution was determined and the nucleotide substitu-
tion parameters were estimated for this reduced data set
using MODELTEST 3.06 (Posada and Crandall, 1998),
where the likelihood scores of candidate models were
compared using the Akaike Information Criterion
(Akaike, 1974). Nodal support was determined by boot-
strapping of the data set (Felsenstein, 1985), with 1000
and 100 pseudoreplicates performed for the MP, and
ML analyses, respectively. The tree lengths of topologies
proposed by the allozyme, MP and ML analyses were
determined and compared using MacClade 4.05.

2.5. Isolation by distance

To investigate the relationship between geographic
distance and the extent of genetic divergence among
populations (isolation by distance: Wright, 1943), the
correlations between matrices of log-transformed
straight-line geographic distances between collection
localities and measures of genetic differentiation among
populations or sequence divergences among their repre-
sentative individuals were examined. Mantel tests
(Mantel, 1967) were used, and executed using the Mantel
for Windows (version 1.11) program (Cavalcanti, 2000)
employing 10,000 randomizations for each comparison.
These relationships were explored using the mean
genetic distance (D) among populations and measures of
differentiation at individual loci. For the latter, Nei’s
genetic identities (/) were used (Nei, 1978), as D-values
for single locus comparisons among populations
approach infinity when fixed allelic differences are pres-
ent. The sequence divergence matrix was comprised of
uncorrected sequence divergences among representative
individuals. The correlation between sequence diver-
gence among representative individuals and (allozyme)
genetic distances among their source populations was
also examined.

To account for an uneven sampling strategy with cer-
tain areas being more intensively sampled than others,
patterns of isolation by distance were also examined
among regions, with populations being pooled by moun-
tain range and geographic proximity (populations sepa-
rated by less than 30 km were considered to belong to the
same region). Consequently, seven regions were identi-
fied: (i) Wemmershoek; (ii) Hottentot’s Holland Moun-
tains (including the Betty’s Bay A, Betty’s Bay B,
Grabouw, Kogelberg, Steenbras A, Steenbras B, and
Steenbras C populations); (iii) Greyton; (iv) West



ARTICLE IN PRESS

6 G. Gouws et al. | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx

Langeberg Mountains (Barrydale and Protea Valley);
(v) East Langeberg Mountains (Grootvadersbos and
Tradouw Pass); (vi) Riversdale; and (vii) Tsitsikamma.
Inter-region matrices were compiled by determining the
mean geographic distances, sequence divergences, and
genetic distances (D) among populations belonging to
these different regions.

Correlations among distance and sequence diver-
gence matrices compiled for the constituent populations
of the Hottentot’s Holland Mountains region were also
examined to determine whether patterns of isolation by
distance were apparent over small geographic scales.

3. Results
3.1. Morphometric analyses

While distinguishing M. abbreviatus and M. depressus
using qualitative, physical characteristics (i.e., setation)
was largely equivocal, the syntypes of the two species
could be reliably distinguished (Wilks® 4=0.023,
Fl2219)=36.383, P<0.001) through the discriminant
function analysis using the 22-body variables. All vari-
ables contributed to the discrimination of the species,
with the width of pereonite 3 (Wilks” A=10.035, P<0.01),
telson depth (Wilks” 1=0.032, P <0.05), and body length
(Wilks” 1=0.032, P <0.05) being the most significant dis-

Table 1

criminators within the linear functions. The reclassifica-
tion of these individuals to groups based on posterior
probabilities substantiated the distinction between the
species with all individuals (N =21) being correctly reas-
signed to their respective groups (Table 1). A frequency
histogram of scores along the canonical variable (not
shown) revealed the substantial difference between the
mean canonical scores for each species (6.334 and
—6.334 for M. abbreviatus and M. depressus, respec-
tively).

Using the classification functions determined for the
two species, individuals from sampled populations were
assigned to groups based on posterior probabilities
(Table 1). Most examined individuals were determined
to be morphometrically similar to M. abbreviatus. In
only two populations, Steenbras B and Steenbras
C,could all included individuals be classified as
M. depressus. Both morphotypes were encountered
within the Tradouw Pass and Wemmershoek popula-
tions, while in certain populations (Barrydale, Betty’s
Bay A, and Grootvadersbos) single individuals could
not be classified.

3.2. Allozyme electrophoresis
Allele frequencies at each locus and genetic variability

measures for each population are presented in Appendix
A. Although at least 20 individuals from each

Assignment of individuals to species based on posterior probabilities calculated from the classification functions® determined for the M. abbreviatus
and M. depressus syntypes (South African Museum accession numbers and type localities in parentheses) in the discriminant function analysis using

22 cephalon, pereon, pleon and pleotelson variables

Population N

Classification

M. abbreviatus

M. depressus Unclassified

M. abbreviatus (SAM A5173)
M. depressus (SAM A4185)
Barrydale

Betty’s Bay A

Grabouw

Greyton

Grootvadersbos

Kogelberg

Protea Valley

Riversdale

Steenbras A

Steenbras B

Steenbras C

Tradouw Pass
Tsitsikamma
Wemmershoek

S
D o= =
[\*)
—

‘NU}MU}&MU}&#‘

N D D L b v

UJLI’IUJ‘

N, number of individuals included. Cases where posterior probabilities (<0.95) prohibited the assignment of individuals to a species group are

referred to as unclassified.

& Mesamphisopus abbreviatus: Y =9373.180(BL) — 1511.315(HL) — 1055.443(HD) + 481.325(HW) — 2122.566(P1L) + 839.604(P1D) + 1320.926(P1W) —
1041.157(P3L) — 669.539(P3D) — 6152.109(P3W) — 397.806(PSL) — 465.202(P5D) — 1626.908(P5W) — 2724.097(P7L) — 332.462(P7D) + 4656.551(P7W)
—1360.636(PL4L) + 708.376(PL4D) — 130.131(PL4W) +298.340(TL) + 1916.953(TD) — 314.259(TW) — 5404.434; M. depressus: Y =8740.905(BL) —
1418.522(HL) — 1173.859(HD) + 301.994(HW) — 2003.568(P1L) + 787.382(P1D) + 1445.613(P1W) — 1074.747(P3L) — 658.538(P3D) — 5135.734(P3W)
— 395.618(P5L)—433.312(P5D)—1586.701(P5W) — 2541.097(P7L) — 268.888(P7D) + 4323.975(P7W) — 1330.582(PL4L) + 786.825(PL4D)

— 48.266(PLAW) + 61.171(TL) + 1601.399(TD) — 190.813(TW) — 4844.632.
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population were prepared for electrophoresis, the small
volume of homogenate and the rapid and visible loss of
enzymatic activity resulted in some differences in the
number of individuals of a given population being
assayed for each locus. However, the staining intensity of
other individuals, the banding patterns predicted from
known enzymatic subunit structure, and conformance to
Hardy—Weinberg expectations (below) suggested that
null alleles were not present at significant frequencies,
beyond those cases in which they were fixed (see below).
All 12 included loci were found to be polymorphic. The
Lt-1 and Lt-2 loci, although polymorphic across the
entire sample, were monomorphic in individual popula-
tions. No loci were found to be polymorphic in all stud-
ied populations. From two to 16 alleles were found per
locus. Estimates of genetic variability were also found to
vary greatly among populations (Appendix A).
Although a number of populations were determined to
be fixed for null alleles at certain loci, these loci and
populations were retained in further numerical analyses
with the null alleles coded following the “minimizing”
approach discussed by Berrebi et al. (1990) and
Machordom et al. (1995). This coding methodology
enables mathematical comparisons among taxa with
differentially expressed loci resulting from gene dupli-
cation (polyploidy) events and subsequent inactivation
of loci through “functional diploidization” (Berrebi et
al., 1990). Here, it was, however, applied to null alleles
apparently fixed at a single locus (Ldh) in different popu-
lations (Barrydale, Greyton, Kogelberg, Protea Valley,
and Riversdale), with null alleles being coded identically
in these populations for further analyses. This assumes a
common evolutionary inactivation of expression in all
populations and has the effect of minimizing genetic
differentiation among these populations, while maximiz-
ing genetic distance between groups of populations fixed
for null alleles and those possessing alternative alleles
(Berrebi et al., 1990). Thus, genetic distances between
certain populations are likely to be underestimated. The
Tsitsikamma population was fixed for a null allele at the
Lt-2 locus. The coding of this single locus does not bias
estimates of genetic differentiation among populations.
Significant  deviations from  Hardy—Weinberg
expected genotype frequencies were observed (after Bon-
ferroni correction) at four of 47 individual cases (8.51%)
of polymorphism (Appendix A), considering all loci and
populations. Although all deviations were due to a defi-
cit of heterozygous individuals, these deviations were not
restricted to specific populations or loci and were not
considered to result from sampling artifacts. Testing for
deviation using exact probabilities showed only the Idh-
locus in the Tsitsikamma population (P <0.01) to be out
of Hardy—Weinberg equilibrium. In none of the popula-
tions in which the morphometric analyses revealed the
presence of both morphotypes and unclassifiable indi-
viduals were there deviations from Hardy-—Weinberg

expectations, evidence of Wahlund (1928) effects (indi-
cating independent, sympatric gene pools and multiple
species), or genetic distinctions underlying the morpho-
metric polymorphism.

Both the neighbor-joining tree and UPGMA dendro-
gram (Fig. 2), constructed using genetic distances among
populations (Table 2), revealed a large genetic distinc-
tion between the Tsitsikamma population and the
remaining populations. This population was separated
from the remainder by a mean genetic distance (D) of
2.020+0.336, primarily due to the occurrence of fixed
allele differences at the Ark-, Gpi-, Lt-, and Mdh-loci, and
significant allele-frequency heterogeneity (all P <0.001
in contingency y* analyses) at all remaining loci.

While little congruence was found among the two
topologies, neither topology revealed any distinct pat-
terns relating to geographic locality. In some cases, geo-
graphically proximate populations clustered together,
for example, Betty’s Bay A and Betty’s Bay B samples,
which were separated by a genetic distance of 0.002. In
other cases, geographically proximate populations fell in
separate clusters. For example, the Steenbras B and
Steenbras C populations grouped together (D =0.047),
while the geographically proximate Steenbras A population
was placed within a cluster containing the Wemmershoek
and Grabouw populations in the neighbour-joining tree
and was placed within a larger cluster containing the
Grabouw, Grootvadersbos, Tradouw Pass, and Betty’s
Bay populations in the UPGMA dendrogram. No clear
patterns relating to drainage system were found either,
as populations from the Palmiet, Steenbras, and Breede
River catchments clustered separately throughout both
topologies (Fig. 2).

Further, geographically disjunct populations were
often characterized by the shared fixation (or occur-
rence at high frequency) of alleles absent in other, geo-
graphically proximate populations. For example, the
Wemmershoek and Grabouw populations were fixed
for the 40 allele. This allele was present only at low
frequencies in the Steenbras A population and absent
from the remaining populations. Simultaneously,
examination of allele frequencies within the two sets of
geographically most proximate populations revealed
substantial fine-scale genetic differentiation. The Steen-
bras A population was separated from the Steenbras B
and Steenbras C populations that were genetically
more similar, by a mean D-value of 0.519 £ 0.005. Fixed
allelic differences were present, distinguishing the
Steenbras A population, with additional, significant (all
P<0.001) allele-frequency differences at the 4o-, Gpi- and
Pgm-loci between these populations. The Protea Valley
and Barrydale populations were separated by a genetic
distance (D) of 0.147. This separation was attributable
to a fixed allele difference at the Gpi-locus and allele
frequency differences at the Idh-, Pgm- (both P <0.001),
and Mdh-2-loci.



ARTICLE IN PRESS

8 G. Gouws et al. | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx

*Tradouw Pass
Grootvadersbos
Steenbras A
Grabouw
Betty's Bay A
Betty's Bay B

*Wemmershoek
Greyton
Kogelberg

Riversdale

Steenbras c
steenbras B
A
V
=)
©

Protea Valley
Barrydale

[ Steenbras B
Steenbras C

Tsitsikamma

!

Tsitsikamma 10

06 0.4 0.2 0.0

Fig. 2. Unrooted neighbor-joining-tree (Saitou and Nei, 1987) (A) and UPGMA (Sneath and Sokal, 1973) dendrogram (B) constructed from Nei’s
(1978) unbiased genetic distances obtained in pairwise comparisons of the 15 populations of Mesamphisopus studied through allozyme electrophore-
sis of 12 loci. Populations where all examined individuals were morphometrically similar to M. depressus or M. abbreviatus are indicated in bold and
italicized typeface, respectively. Asterikes indicate populations where both morphotypes were observed, while normal typeface indicates populations
where some individuals could not be assigned to either morphotype. The Betty’s Bay B population was excluded from the morphometric analyses.

Table 2

Matrix of Nei’s (1978) unbiased genetic distance (D; above diagonal) obtained in pairwise comparison of populations and Weir and Cockerham’s
(1984) (0-estimate; below diagonal) of genetic differentiation among population pairs

Population 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
(1) Betty’s Bay A — 0.002 0410 0.157 0459 0433 0412 0260 0507 0531 0408 0168 0.194 0303 1.773
(2) Betty’s Bay B 0.067 — 0417 0.157 0428 0401 0395 0.261 0493 0.522 0398 0.169 0.193 0287 1.749
(3) Wemmershoek 0.903 0863 — 0.205 0.723 0718 0312 0.152 0482 0456 0475 0257 0302 0394 2832
(4) Steenbras A 0.667 0.625 0.638 — 0.515 0522 0199 0.074 0318 0303 0263 0042 0.064 0.125 1.801
(5) Steenbras B 0.882 0.838 0.861 0.767 — 0.047 0525 0.741 0317 0477 0547 0545 0635 0502 2138
(6) Steenbras C 0931 0886 0904 0822 0393 — 0.585 0.715 0322 0.648 0.625 0.542 0.608 0.559 1.938
(7) Kogelberg 0964 0912 0852 0.678 0864 0930 — 0360 0259 0161 0297 0274 0290 0.070 1.762
(8) Grabouw 0.820 0.785 0.648 0388 0.858 0.885 0.836 — 0487 0482 0390 0.145 0.165 0.258  2.390
(9) Greyton 0913 0869 0.834 0.692 0741 0819 0813 0820 — 0.286 0280 0337 0393 0238 1943

(10) Protea Valley 0.859 0844 0806 0.653 0.787 0.858 0.680 0.787 0714 — 0.147 0319 0334 0.166 2244

(11) Barrydale 0.930 0912 0.888 0.730 0.872 0921 0923 0.837 0822 0.672 — 0224 029 0.201 2399

(12) Tradouw Pass 0772 0.708 0.743 0262 0816 0865 0.799 0.614 0762 0.734 0.775 — 0.040 0.181  1.868

(13) Grootvadersbos  0.748  0.733  0.769 0322 0.833 0867 0.809 0.615 0784 0.736 0.799 0302 — 0.196  1.696

(14) Riversdale 0921 0863 0.863 0.583 0.857 0913 0.692 0.784 0.788 0.681 0.861 0.725 0.739 — 1.741

(15) Tsitsikamma 0946 0940 0937 0889 0921 0938 0945 0919 0924 0912 0947 0920 0912 0941 —

Genetic distances obtained in pairwise comparisons
of populations (Table 2) ranged from 0.002 to 2.832.
Genetic distances between the Tsitsikamma population
and the remaining populations (1.696 < D < 2.832) were
substantially larger than distance values obtained in
comparison of the remaining populations (0.002 <
D <0.741). A mean genetic distance of 0.569 + 0.606
separated all studied populations.

Estimates of 6 across the entire sample were simi-
larly indicative of substantial genetic structuring
among populations (Table 2). The overall 0 was esti-
mated at 0.848 [95% confidence interval (CI): 0.767—
0.934], with estimates at individual loci ranging from
0.577 to 1.000. With the exclusion of the Tsitsikamma
population, a geographic outlier, and phylogenetically
distinct taxon (see Section 4), 6 was estimated at 0.804
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(95% CI: 0.693-0.904). Individual locus estimates then
ranged from 0.046 to 0.984. With the exception of the
pairwise comparison of the two Betty’s Bay popula-
tions (Table 2; 0=0.067), substantial differentiation
was apparent among all other populations, with 0
ranging from 0.262 (the Steenbras A—Tradouw Pass
comparison) to 0.964 (Betty’s Bay A—Kogelberg).

3.3. Sequence data analyses

A total of 600 bp were aligned for the 32 in-group
individuals and two out-group specimens. In popula-
tions from which more than one individual was
sequenced, few haplotypes were found. A single, unique
haplotype was fixed within each of the Barrydale
(N=6), Betty’s Bay A (N=5), and Wemmershoek
(N =5) populations. The Protea Valley population pos-
sessed two haplotypes, with the Protea Valley 2 haplo-
type differing by a single transition from the haplotype
present in the remaining four individuals. On this basis,
the reduced data set was compiled, including a single
representative from each locality. While the haplotype
of the Betty’s Bay B representative was identical to
those sampled in the Betty’s Bay A population, the
former individual was included as being representative
of a different collection locality for the purpose of
examining isolation by distance.

Within this reduced data set of 18 taxa, 172 characters
were variable and 108 parsimony informative. Of the
variable characters, 28 (16.3%) were found in first codon
positions, with 15 (8.7%) and 129 (75.0%) occurring in
second and third codon positions, respectively. Base fre-
quencies, homogenous across taxa (y*=>5.139, df=>51,
P=1.000), were adenine and thymine rich (A =0.224,
C=0.127, G=0.190, T=0.459), reflecting a bias docu-
mented previously for Mesamphisopus (Gouws et al.,
2004) and isopods in general (Ketmaier et al., 2003;
Wetzer, 2001).

The MP analyses retrieved six equally parsimonious
trees of 240 steps (CI=0.592, RI=0.672, rescaled
CI=0.398). MODELTEST showed that the general time
reversible model (Lanave et al., 1984; Rodriguez et al.,
1990) of nucleotide substitution, together with a propor-
tion of invariable sites and a gamma distribution (using
four discrete rate categories) of variable sites
(GTR +1+T), was the most appropriate for the reduced
data matrix. The following estimated base frequencies
and substitution parameters were subsequently used in
the ML analysis: base frequencies: A=0.247, C=0.113,
G=0.163, T=0.477; rate matrix: Ry_,=0.222, Ry g
=15.196, Ry r=1493, Rc,=0.523, Re ,r=4.727,
R o= 1.000; proportion of invariant sites =0.427; and
a gamma distribution shape parameter (x) of 0.393.
The resulting maximume-likelihood topology (—In=
2268.579) is presented in Fig. 3. Generally, congruent topol-
ogies were obtained in the MP and ML analyses. While the

sister-taxon relationships of certain individuals were sup-
ported in both analyses (e.g., Steenbras A +Kogelberg;
Steenbras B+ Steenbras C; Wemmershoek + Grabouw; and
Protea Valley 1+Protea Valley 2), other relationships
were usually not strongly supported or were retrieved
only by one of the analyses. Both analyses, however, sup-
ported (with bootstrap >95%) the existence of a clade to
the exclusion of the distantly related Tsitsikamma repre-
sentative. Although the two representatives of the popu-
lations identified through the morphometric analysis as
M. depressus (Steenbras B and Steenbras C) grouped
together, they were nested among individuals identified
morphometrically as M. abbreviatus.

Again, no geographic or drainage system patterns
were evident from the relationships among representa-
tive specimens. Representatives collected from
geographically proximate localities were widely sepa-
rated, lying within different clades (e.g., Steenbras A vs.
Steenbras B and Steenbras C), while geographically
more distant individuals clustered as sister taxa (e.g.,
Wemmershoek + Grabouw).

Topologies derived from the analyses of the sequence
data were incongruent with those proposed by allozyme
data. Indeed, topologies constrained to reflect the
in-group relationships proposed by the allozyme
neighbor-joining tree and UPGMA dendrogram were,
respectively, 29 and 38 steps longer than the topologies
retrieved in the analyses of sequence data (MP- and ML-
derived topologies both 240 steps, autapomorphic char-
acters excluded). While certain terminal relationships
among closely related individuals/populations were con-
sistently retrieved in all analyses, conflicting relation-
ships were suggested for many of the populations/
representatives. For example, while the relationship
between the geographically proximate Protea Valley and
Barrydale populations proposed by the allozyme analy-
sis was not rejected in the analyses of sequence data, a
sister-taxon relationship was proposed between the Pro-
tea Valley representative and the more distantly col-
lected Tradouw Pass representative, with the Barrydale
representative occurring basal to a larger clade including
the former individuals.

Uncorrected sequence divergences among in-group
individuals and the out-group specimens ranged from
12.00 to 16.50%. Despite the monophyly of the 16 in-
group taxa (bootstrap >99% in both MP and ML anal-
yses), the Tsitsikamma representative was less similar to
the remaining in-group individuals (distinguished from
the remaining in-group specimens by sequence diver-
gences of 15.50-16.50%) than were the out-group indi-
viduals (12.00-14.83% divergent). Sequence divergences
among these remaining in-group individuals were
between 0.00% (the comparison of Betty’s Bay A and
Betty’s Bay B representatives) and 7.83% (the compari-
son of the Grabouw and Greyton representatives), with
a mean of 4.66 + 1.87%.
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Fig. 3. Maximum likelihood phylogram (—In L = 2268.579) of the reduced data set of 16 in-group taxa and the two out-group individuals (Mesam-
phisopus sp. nov. and M. penicillatus). Analysis included 600-bp COI mtDNA and implemented a GTR + 1+ I' (Rodriguez et al., 1990) model of
nucleotide evolution. Numbers above the branches represent ML bootstrap support from 100 pseudoreplicates, while numbers below represent boot-
strap support from the MP (1000 replicates) analysis. Only bootstrap support >50% is indicated.

3.4. Isolation by distance

When considering individual populations, a signifi-
cant correlation (r=0.779, t=3.561, P<0.05; Fig. 4A)
was found between geographic distance between collec-
tion localities and the mean genetic distance (D) among
populations, indicating isolation by distance. If compari-
sons involving the Tsitsikamma population were omit-
ted, this relationship was, however, non-significant
(r=-0.013, t=-0.109, P=0.484). Correlations investi-
gated for individual locus comparisons, using genetic
identity (/) as a measure of differentiation, showed no
evidence of isolation by distance with one exception; a
significant relationship was evident at the Mdh-2 locus

(r=0.202, t=1.462, P<0.05) with the omission of the
Tsitsikamma population.

As in the allozyme analysis, a significant correlation
was found between sequence divergence and the geo-
graphic distance between collection localities (Fig. 4B;
r=0.468, t=3.249, P<0.01), but the relationship again
became non-significant (r=0.131, t=1.249, P=0.112)
upon exclusion of the Tsitsikamma representative.

Considering differentiation among regions, with popula-
tions pooled within regions, an identical pattern was
observed. There were significant correlations among genetic
distance (D) and geographic distance (r=0.760, t=2.369,
P<0.05), and sequence divergence and geographic distance
(r=0.776, t=2399, P<0.5), indicating isolation by
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Fig. 4. Scatterplots of (A) Nei’s (1978) unbiased genetic distance among populations over the log-transformed geographic distance between their col-
lection localities; (B) uncorrected sequence divergence (calculated from 600 bp of COI mtDNA) among representatives from each population over
the log-transformed geographic distances between collection localities; and (C) genetic distance among populations over the uncorrected sequence
divergences separating representatives from the same populations. Filled circles represent comparisons involving the Tsitsikamma population/repre-
sentative, while comparisons between other in-group populations/representatives are indicated by open circles.

distance. Again, these relationships became non-significant
upon exclusion of the Tsitsikamma region (#=0.029,
t=0.131, P=0412, and r=0224, t=1.199, P=0.148,
respectively).

Over a smaller geographic scale, there was a signifi-
cant correlation between sequence divergence and geo-
graphic distance (r=0.456, t=2.024, P<0.05) among
individual populations of the Hottentot’s Holland
Mountain region, but not between genetic (D) and geo-
graphic distance (r=0.147, t=0.655, P=0.189).

Mantel tests (Mantel, 1967) revealed a significant cor-
relation between genetic distance and sequence diver-
gence in comparisons of distances matrices compiled to
examine isolation by distance among individual popula-
tions (Fig. 4C; r=0.922, t=3.821, P<0.001) and among
regions (r=0.948, t=2.391, P<0.01). These significant
relationships held irrespective of the exclusion of the Tsi-
tsikamma population/representative (r=0.561, t =3.642,

P<0.01) or region (r=0.672, t=1.810, P<0.05). This
correlation was also apparent when considering only the
populations from the Hottentot’s Holland region
(r=0.609, t=2.707, P<0.01).

4. Discussion

While the morphological characters presented in the
species descriptions (Barnard, 1927; Nicholls, 1943) and
key (Kensley, 2001) appeared to be equivocal for distin-
guishing M. abbreviatus and M. depressus, the species
appeared to be well separated using morphometric data.
Mesamphisopus depressus individuals were distinguished
from M. abbreviatus individuals in a discriminant func-
tion analysis, in which the body length, body width (at
the third pereonite), and telson depth were among the
most important variables of those combined in the
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discriminant functions. Nicholls (1943) had suggested
differences among these putative species (e.g., the extent
of the cervical groove, the shape of the posteroventral
margins of the pleura of the pleonites, the setation of the
pleopods, and the shape and setation of the uropodal
peduncles), mostly through comparisons with M. capen-
sis. In subsequent work (Kensley, 2001), these characters
were considered to be of little importance for discrimi-
nating among the species, if considered at all. These
characters need to be reevaluated in these and other
species within Mesamphisopus and may prove useful in
distinguishing the two species.

A subsequent classificatory morphometric analysis
determined that individuals of most of the populations
sampled were morphometrically identifiable as
M. abbreviatus. In only two populations (Steenbras B
and Steenbras C), were all the examined individuals
determined to be morphometrically similar to M. depres-
sus. A level of uncertainty is inherent in these diagnoses,
as certain individuals could not be assigned to either
morphotype. Further, certain populations (Tradouw
Pass and Wemmershoek) were shown to possess individ-
uals of both morphotypes, disagreeing with results from
the allozyme study (and the sequence data in the case of
the Wemmershoek population). The extent or patterns
of morphometric differentiation among populations per
se were not considered in the present analysis. It is possi-
ble, as an artifact of this approach, that intermediate or
distinctive morphotypes, which may explain the classifi-
cation of the Tradouw Pass and Wemmershoek individ-
uals, have not been identified, while the extent of
differentiation among populations remains unknown.
Further, dimensions of the pereopods and uropods, that
may differentiate these populations and the M. abbrevia-
tus and M. depressus syntypes, were not considered.
Given the apparently recent genetic differentiation of the
studied populations (see below) and the morphological
conservatism of the Phreatoicidea (Wilson and Ho,
1996), it is also probable that morphometric differentia-
tion of populations has not proceeded to the extent that
they are recognized as different morphotypes under the
current approach.

Both the allozyme and sequence data supported the
genetic distinctiveness of the Tsitsikamma population/
representative and its exclusion from a clade containing
the remaining populations or representatives. Genetic
distances between the Tsitsikamma population and the
remaining populations were at least double and often an
order of magnitude greater than distances among these
remaining populations. These values are also substan-
tially larger than those previously found among putative
species within Mesamphisopus (Gouws et al., 2004). Fur-
ther, the Tsitsikamma population was distinct from the
remainder at all loci examined. Sequence divergences
showed the Tsitsikamma representative to be more
divergent from the remaining in-group individuals than

were the two out-group specimens, both distinct species
(Mesamphisopus sp. nov. and M. penicillatus). In light of
this, it must be concluded that the Tsitsikamma popula-
tion probably represents a phylogenetically distinct, but
cryptic species.

The delineation of further species is confounded by
the incongruence among topologies generated from the
different data sets. Genetic distances and sequence
divergences also present a paradox as far as the possi-
ble delimitation of species based on distance criteria is
concerned. The two sets of divergence estimates were
significantly correlated, but the implications of the
differentiation suggested by each were different and
contrary to expectations, considering the features (uni-
parental inheritance and fourfold lower effective popu-
lation size) making mitochondrial DNA a more
sensitive marker of population differentiation than
nuclear markers (Moritz et al., 1987). Comparisons
among the in-group representatives (excluding
the Tsitsikamma  representative) yielded lower
sequence divergences (0.17-7.83%; mean 4.66% =+ 1.87)
than interspecific values found in other isopod studies
(Ketmaier et al., 2003; Rivera et al., 2002; Wares, 2001;
Wetzer, 2001). These values were more comparable to
intraspecific divergences presented by Wares (2001),
Rivera et al. (2002), and Ketmaier et al. (2003). These
relatively low sequence divergences and the lack of
strong resolution among populations did not strongly
suggest the recognition of a species complex among the
studied populations. Genetic distances based on allo-
zyme data appeared to be more ambiguous. The
genetic distances among the studied populations were
more comparable to distances among isopod subspe-
cies (Cobolli Sbordoni et al., 1997; Ketmaier et al.,
1999), or interspecific distances within Mesamphisopus
(Gouws et al, 2004) and other isopod groups
(Garthwaite et al., 1992; Ketmaier et al.,, 1998, 2001;
Lessios and Weinberg, 1994; Viglianisi et al., 1992). The
greater differentiation revealed by the allozyme data
may, however, be an artifact of the specific loci exam-
ined or the divergence estimates used (Kalinowski,
2002). Most loci were polymorphic or provided evi-
dence of fixed allelic differences among populations.
However, the choice of loci was not explicitly biased in
this regard, as loci were included without prior knowl-
edge of polymorphism or variability. The genetic dis-
tance measure (Nei, 1978) used may also be vastly
inflated or “saturated”, as estimates at these individual
loci approach infinity when fixed allele differences are
present. Nei’s (1978) distance measure also appears to
be more sensitive than other measures to reductions in
population sizes (see below) under modeled conditions
(Kalinowski, 2002).

Given the discordance among distances and topolo-
gies, only very limited evidence supports the examined
populations as being representative of a recently
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differentiated species complex: the two populations iden-
tified morphometrically as M. depressus and collected
from near the presumed type locality of M. depressus in
the Steenbras Valley were consistently retrieved as sister
taxa. These formed a phylogenetically distinct lineage
and were (with one exception) topologically nested
among the remaining populations, all similarly differen-
tiated. These topologies also suggest that M. abbreviatus
may be a paraphyletic species, should the morphometric
identification of these remaining populations be correct
and correspond to recognized species boundaries.
Molecular studies are revealing an increasing number of
species to be paraphyletic or polyphyletic as presently
constituted (Funk and Omland, 2003). In some cases,
inadequate phylogenetic information and a lack of reso-
lution have revealed gene trees reflecting species-level
paraphyly/polyphyly. In other cases, paraphyly and
polyphyly may result from taxonomies defining species
too narrowly or too broadly (including the failure to rec-
ognize cryptic taxa), introgression, or incomplete lineage
sorting (Funk and Omland, 2003). Paraphyly resulting
from inaccurate taxonomies can be easily rectified. How-
ever, in the absence of extended and more intensive sam-
pling, including topotypic specimens, and additional
data to adequately resolve the status of M. abbreviatus,
M. depressus, and the above populations and determine
the cause of this potential paraphyly, it would be most
prudent to consider the populations studied here as
potentially conspecific, at least for the sake of further
discussion.

Genetic differentiation was evident among nearly all
these populations at even the smallest examined spatial
scales. A lack of gene flow was inferred from the number
of fixed allelic differences, high 0 estimates and distance
values, and the great disparity in genetic variability esti-
mates, among both local and distant populations. A sim-
ilar lack of gene flow over small spatial scales has been
documented in cave dwelling (Cobolli Sbordoni et al.,
1997; Gentile and Sbordoni, 1998; Ketmaier et al., 1998)
and intertidal isopods, where differentiation has been
observed over less than a few kilometres (Carvalho and
Piertney, 1997; Lessios and Weinberg, 1993, 1994; Less-
ios et al,, 1994) or meters (Piertney and Carvalho, 1994,
1995a,b). The patterns observed above appeared to be
unrelated to the geographic distances, resulting in non-
significant relationships in tests for isolation by distance,
and also appeared to bear no immediately apparent rela-
tionship to altitude. This is unlike other freshwater iso-
pods, where geography has predicted genetic patterns
(Ketmaier et al.,, 2001), or terrestrial isopods, in which
isolation by distance has been demonstrated (Wang and
Schreiber, 1999). Patterns of relatedness among popula-
tions were also unrelated to drainages, as expected under
a nested hierarchy of drainages (Woolschot et al., 1999).
The pattern observed, in the analyses of both markers, is
best described as a mosaic, with genetic differentiation

on local scales being generally equivalent to differentia-
tion over large scales and bearing no relation to geogra-
phy. Similar patterns of genetic patchiness have been
described for other isopods (Bilton et al., 1999; Lessios
and Weinberg, 1993, 1994; Piertney and Carvalho,
1995a).

In most of the previous studies (Carvalho and Piert-
ney, 1997; Cobolli Sbordoni et al, 1997; Gentile
and Sbordoni, 1998; Ketmaier et al., 1998, 1999;
Lessios and Weinberg, 1993, 1994; Lessios et al., 1994;
Piertney and Carvalho, 1995a,b), differentiation among
isopod populations has been explained by stochastic
population crashes (due to habitat instability), leading to
local extinction and founder events, or to population
bottlenecks. With low gene flow (due to geographic
obstacles, the discontinuity of ecologically suitable habi-
tat for dispersal, limited vagility of adults, and the
“direct” marsupial development of the young), small
effective population sizes, exacerbated by short genera-
tion times (Lessios et al., 1994), would lead to the differ-
entiation of populations through mutation, genetic drift,
localized selection, and inbreeding. These processes can
lead to initial reductions in heterozygosity and variabil-
ity (Lessios and Weinberg, 1994; Piertney and Carvalho,
1995b) and rapid, drastic, and temporal changes in allele
frequencies (Carvalho and Piertney, 1997; Lessios et al.,
1994), subsequently observed as spatial genetic differen-
tiation.

Similarly, Mesamphisopus has a typically patchy dis-
tribution in the high-altitude, slow-flowing portions of
catchments in broad mature valleys (Barnard, 1927).
Continuous habitats through which dispersal would be
possible are lacking, and recent dispersal and gene flow
among populations would be, and would have been,
unlikely. In addition, generation times are short, with
adults being able to breed after 1 year (Barnard, 1927),
and dispersal ability among the geographically sepa-
rated population is poor. While M. abbreviatus is known
to aestivate over long periods (Barnard, 1927), the highly
seasonal nature of the habitats in which Mesamphisopus
populations occur suggests that populations may be
exposed to frequent droughts and may experience popu-
lation crashes during dry summer months. Repeated
population bottlenecks with a sufficient number of indi-
viduals surviving through aestivation to enable popula-
tion survival may provide an explanation for the pattern
of differentiation seen among populations. Frequent
population crashes and bottlenecks have been invoked
as an explanation for the population differentiation
observed within paramelitid amphipods (Stewart, 1992),
occurring sympatrically with Mesamphisopus (Barnard,
1927; personal observation). These bottlenecks would
lead to the differentiation of geographically proximate
populations, with geographically distant populations
potentially remaining less differentiated, resulting in the
observed mosaic pattern. Any of the large set of
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ancestral alleles could be retained in certain populations
and lost in others, resulting in alleles being shared by
geographically disjunct populations rather than proxi-
mate populations (Cobolli Sbordoni et al., 1997; Lessios
and Weinberg, 1993). Under repeated bottlenecks, the
patterns revealed by the sequence data may result from
stochastic lineage sorting and the random fixation of
different haplotypes in these populations. Branch lengths
and sequence divergences suggest that the genetic differ-
entiation of most of the in-group representatives was
rapid and fairly recent (at least relative to the diver-
gences of the Tsitsikamma lineage and the out-group
specimens). Lineage sorting could possibly have pro-
ceeded among a large pool of closely related haplotypes,
resulting in the mosaic pattern seen. Regardless of the
processes involved, the discordances among topologies
and among the magnitudes of genetic differentiation
suggest that conclusions based on topologies and, partic-
ularly, genetic divergences derived from single markers
may be spurious and argue for caution in the use of
genetic distances for making taxonomic decisions.
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Allele frequencies at the 12 polymorphic loci and genetic diversity measures for the 15 populations of Mesamphisopus
that were studied. N denotes the sample size for each of the populations at the respective locus

Locus Population

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ao N S 20 21 23 21 30 20 21 19 25 25 30 30 28 36
100 1.000  1.000  0.000 0.848 1.000 1.000 1000 0000 1.000 1.000 1.000 1.000  1.000 1.000  1.000
90 0.000  0.000 1.000 0.152 0.000 0.000 0000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ark N 35 33 28 23 25 30 20 48 20 14 11 30 29 28 40
115 0.000  0.000 0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
105 0.000  0.000 0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.086 0.000 0.000
100 1.000  1.000  1.000 1000 1.000 1000 1000 1.000 1.000 1.000 1.000 1.000 0914  1.000  0.000
Gpi N 35 33 28 23 30 30 20 48 20 30 30 27 28 30 40
160 0.000  0.061  0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0.000
155 0.000  0.000  0.000 0.022 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0.000
145 0986 0939 0.000 0022 0.000 0.000 0000 0000 0.000 0.017 0.000 0.000 0.000 0.000 0.000
140 0.000  0.000  0.000 0.000 0383 1000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0.000
120 0.000  0.000 0.000 0391 0617 0000 1000 0188 0.000 0967 0.000 0.019 0107 1.000  0.000
110 0.000  0.000 0.000 0.000 0.000 0.000 0000 0000 1.000 0.000 0.000 0.000 0.000 0.000 0.000
105 0.000  0.000 0.000 0348 0.000 0.000 0000 0490 0.000 0.000 0.000 0.000 0000 0.000 0.000
100 0.014  0.000 0982 0.022 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0.000
95 0.000  0.000 0.000 0.000 0.000 0.000 0000 0000 0.000 0.017 0.000 0.000 0.000 0.000 0.000
90 0.000  0.000  0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0000 0444 0893  0.000  0.000
80 0.000  0.000  0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 1.000 0.000 0000 0.000 0.000
70 0.000  0.000 0.018 0.152 0.000 0.000 0000 0323 0.000 0.000 0.000 0.000 0.000 0.000 0.000
60 0.000  0.000  0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0000 0537 0000 0.000 0.000
40 0.000  0.000  0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0.775
10 0.000  0.000 0.000 0.043 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
5 0.000  0.000  0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0000 0.000 0225
Hk N 28 27 28 23 26 30 20 35 18 27 18 30 27 28 40
125 0.000 0.019 0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
100 0964 0981 0.661 0935 0.192 0.600 0975 098  0.556 0.000 0.000 0.717 0963  1.000  1.000
95 0.036  0.000 0304 0065 0.731 0400 0000 0014 0417 1.000 1.000 0283 0.037 0.000 0.000

(continued on next page)
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Appendix A (continued )
Locus Population

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
85 0.000  0.000 0.036 0.000 0077 0000 0025 0000 0.028 0.000 0.000 0.000 0.000 0000 0.000
Idh N 7 26 28 7 29 20 20 14 20 29 18 30 26 27 24
170 0.000  0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.792
135 0.000  0.000 0.000 0.000 0.000 0000 0000 0071 0.000 0.000 0.000 0.000 0.000 0.000 0.000
120 1.000  1.000  1.000  1.000  1.000 1.000 1.000 0929 1.000 0.293 0.806 1.000 0.635 1.000  0.000
100 0.000  0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.707 0.194 0.000 0365 0.000 0.208
Ldh N 23 33 28 23 30 30 20 34 20 30 30 30 30 30 40
100 0.000  0.000  0.000  0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
80 0.000  0.152  0.000 0.000 1.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000
70 1.000 0.848 1.000 0978 0.000 0.000 0000 1000 0.000 0.000 0.000 1.000 1.000 0.000  0.000
50 0.000  0.000  0.000 0.022 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000
Null 0.000  0.000  0.000 0.000 0.000 0.000 1000 0.000 1.000 1.000 1.000 0.000 0.000 1.000  0.000
Lt-1 N 25 28 25 23 26 30 20 36 20 30 27 30 30 22 37
100 1.000  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000  0.000
90 0.000  0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
L2 N 25 18 25 23 19 30 20 24 17 30 21 30 30 13 35
100 1.000  1.000 1.000 1.000 1.000 1.000 1000 1.000 1.000 1.000 1.000 1.000 1.000 1.000  0.000
Null 0.000  0.000  0.000 0.000 0.000 0.000 0.000 0.000 0000 0000 0.000 0.000 0.000 0.000 1.000
Mdh-1 N 33 31 28 23 30 30 20 37 19 30 30 30 27 30 40
130 0.000  0.000 0.000 0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
100 0.000  0.000  0.000 0.000 1.000 1.000 0.000 0.000 0.658 0.000 0.000 0.000 0.000 0.000 0.000
80 1.000  1.000  1.000 0.957 0.000 0000 1000 1000 0342 1.000 1.000 1.000 1.000 1.000  0.000
70 0.000  0.000 0.000 0.043 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000
Mdh-2 N 33 33 28 23 30 30 20 40 20 30 30 30 30 30 37
100 1.000  1.000 1.000 0978 1.000 1000 0900 1000 1.000 0983 1.000 1.000 0983 1.000  0.000
40 0.000  0.000  0.000  0.000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
15 0.000  0.000  0.000 0.022 0000 0000 0100 0.000 0.000 0.017 0.000 0000 0017 0.000  0.000
Me N 34 33 28 23 30 30 20 27 20 30 30 30 30 30 23
115 0.000 0015  0.000 0.000 0.000 0.000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000
100 1.000 0985 0.000 0.000 1.000 1.000 0.000 0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
90 0.000  0.000 1.000 1.000 0.000 0000 1.000 0963 1.000 1.000 1.000 1000 1.000 1.000  0.000
75 0.000  0.000  0.000 0.000 0.000 0000 0000 0037 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Pgm N 30 27 28 23 30 30 20 36 20 30 30 30 30 30 40
110 0.000  0.000  0.000 0.000 0.083 0000 0000 0.000 0.000 0.017 0.000 0.000 0.000 0.000 0.962
100 0.000  0.000 0.036 0087 0917 1.000 0.000 0.000 1.000 0.167 0.000 0.000 0.000 0.000 0.038
90 1.000  1.000 0.018 0.826 0.000 0.000 0000 0.972 0.000 0350 1.000 0967 0967 0.700  0.000
80 0.000  0.000 0.875 0.087 0.000 0000 1.000 0.028 0.000 0467 0.000 0.033 0.033 0.000 0.000
70 0.000  0.000 0.071  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0300 0.000
A 1.167 1333 1500 2083 1333 1083 1.167 1500 1250 1.583 1.083 1.333 1500 1.083 1.250

+0.389 +£0492 £1.000 +£1.676 +£0.651 +0.289 +0.389 +0.674 +0.622 £0.996 +0289 +0.651 +£0.522 +0.289 +0452
H, 0.008 0.031 0.048 0.138 0059 0022 0021 0064 0071 0.087 0.023 0061 0070 0028  0.042

+0.021 +£0.059 +£0.104 +£0.237 +£0.118 +0.077 +£0.058 +0.151 £0.179 +£0.193 +£0.080 +£0.129 +£0.108 +0.096 +0.115
Hg 0.008 0.037 0062 0.132 0089 0041 0020 0.077 0083 0.097 0.027 0084 0083 0036 0.064

+0.021 +£0.078 +£0.147 £0212 £0.177 +£0.141 +£0.054 +0.179 £0.194 +0210 +£0.093 +£0.182 +£0.140 +0.123 +0.133
Pysy, 0.00 16.67 16.67 3333 2500 833 8.33 16.67 16.67 16.67 833 16.67 2500 8.33 16.67

Alleles are numbered following their mobility relative to an allele present in a reference population. Individual cases of polymorphism showing geno-
typic deviations from Hardy-Weinberg expectations (as determined by y test) are indicated in bold font (all P <0.001). Genetic variability measures
include: the mean number of alleles per locus (A), the mean observed heterozygosity (Hg) and unbiased expected heterozygosity (H), and the per-
centage of loci that were polymorphic (Pys,,) using a 95% criterion. Standard deviations are presented below the individual variability estimates. Pop-
ulations are numbered as in Fig. 1.
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