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Abstract—There is a growing demand for wild caught juvenile fish to supply
the market for aquaculture. We investigated the local genetic structure of juvenile
mullets collected at five sites around Bagamoyo (Tanzanian mainland) and
Zanzibar, East Africa. Fish were caught at low tide using a seine net in the same
manner used for aquaculture. Specimens were morphologically identified and
then genetically identified using direct sequencing of the CO1 gene with cross-
referencing to a recent paper on mullet phylogeny. Molecular variance analyses
were used to infer genetic subdivision between the sampling sites and population
structure using the Bayesian assignment test. Our results revealed that samples
morphologically identified as Mugil cephalus were in fact Valamugil buchanani
and, potentially, an unknown species, and we also found evidence of gene flow
from other species that may have affected the gene pool. Bayesian analysis
revealed a clear genetic population structure within the sampled fish community
with a unique mainland cluster. Our findings may have important implications for
management and conservation of mullets in the region and elsewhere.

INTRODUCTION

Knowledge on the genetic structure of
harvested fish populations is becoming
more important for their management and
conservation (Hauser & Carvalho, 2008).In
species with a strong genetic structure, intense
harvesting of a population may lead to local
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extinction and loss of genetically distinct
and locally-adapted stocks (Hiddink et al.,
2008). Several ecological and behavioural
factors influence the genetic structure of fish
populations, the most important being homing
behaviour (Gerlach et al., 2007), timing of


mailto:%20oskar.henriksson%40sh.se?subject=

42 O. Henriksson et al.

reproduction (Selkoe ef al., 2006) and habitat
specialization (Knudsen et al., 2006), whereas
extrinsic factors such as pelagic larval duration
have been shown to be of less importance
than previously thought (Weersing & Toonen,
2009). The genetic population structure of
marine fishes was earlier considered panmictic
based on the assumption that their larvae can
survive in the water column for extended
periods and therefore disperse far (>1000 km)
from spawning grounds in oceanic currents.
However, recent studies have shown that
this picture is more complicated (see review
by Cowen & Sponaugle, 2009). Laikre et al.
(2005) believe that marine organisms fall into
three population categories — open, closed and
continuous. An open population is, in essence,
a panmictic population in which all spawning
individuals have an equal chance of mating
with each other. In a continuous population,
the likelihood of two individuals mating
decreases with distance and, in a closed
population, only individuals that belong to a
population mate with each other. The literature
provides evidence of all three population
types (Knutsen et al., 2003; Dorenbosch et
al., 20006), suggesting that spawning mode,
as well as the ability to return to the same
spawning site are contributing factors. In the
Western Indian Ocean, previous studies of
genetic structure in marine fish are limited
and have mainly focused on broad-scale
patterns of genetic connectivity (Ridgeway
& Sampayo, 2005; Dorenbosch et al., 2006;
Visram et al., 2010).

Grey mullets are distributed worldwide
fromapproximately 42°Stoalmost51°N where
they inhabit estuarine, intertidal, freshwater
and coastal marine habitats (Odum, 1970;
Ross, 2001). Reproductive patterns in grey
mullet involve migration from shallow coastal
habitats to offshore waters where spawning
takes place in large schools. Thereafter, larvae
and juveniles migrate to inshore environments
where they inhabit shallow intertidal habitats
such as mangrove creeks (Odum, 1970;
Saleh, 2008). Grey mullet is considered
to be isochronal spawners, characterized
by synchronous gamete development and
spawning of all eggs at once or in batches

within successive nights (Render et al., 1995).
The mullets (Family Mugilidae) are important
in commercial and subsistence fisheries in
many parts of the world (FAO, 2000; Ross,
2001) and, because of their high tolerance
to environmental change, they have a great
potential for aquaculture in many countries
(Oren, 1981; Lee & Menu, 1981; Pillay &
Kutty, 2005). They constitute priority species
for marine aquaculture development in East
Africa (Mmochi & Mwandya, 2003). Previous
local-scale population genetic studies on
the grey mullet (Mugil cephalus) in Florida,
using allozymes, suggested it had little or no
genetic structure (Campton & Mahmoudi,
1991; Huang et al., 2001). A recent study by
Liu et al., (2010) using Amplified Fragment
Length Polymorphism (AFLP) revealed high
levels of genetic structuring in M. cephalus on
a spatial scale of 2000 km in the China Seas.
AFLP has proven to be useful in population
genetic studies (Sonstebo et al., 2007) and
has been applied with great success on a
wide range of organisms (Bensch & Akesson,
2005). The strength of AFLP is that no prior
genetic information is needed about the study
organism; however, due to the none-specificity
of AFLP analysis, proper species identification
is crucial. In this study, we employed direct
sequencing of the CO1 gene located in the
mitochondrial DNA (mtDNA) as a means of
genetic identification of our samples. CO1 is
currently used as a DNA barcode in the BOLD
database (Ratnasingham & Herbert, 2007).
However, the phylogeny of mullets is under
revision and there is a great deal of confusion
regarding the correct nomenclature of mullet
species. Thus, for this paper, we decided to
only use CO1 sequences provided by Durand
etal. (2012).

The objectives of the study were to:

* Confirm the identity of samples
morphologically identified as Mugil
cephalus by direct sequencing of the
COl1 gene.

* Examine the population structure
of grey mullets around Zanzibar
(Unguja Island) and the neighbouring
Tanzanian mainland using AFLP.
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Figure 1. Sampling localities around Zanzibar and on the mainland of Tanzania.

MATERIALS and METHODS

Study sites

Fish were collected during January 2008 at
five sites on the coasts of Zanzibar (Unguja
Island) and the Tanzanian mainland, East
Africa (Fig. 1). The sampling sites at Zanzibar
were situated in the forested mangrove creeks
of Makoba Bay (Kiongwe and Kiwani) and
Chwaka Bay (Kinani). On the Tanzanian
mainland, sampling was conducted in
a forested mangrove creek (Nunge) of
Bagamoyo as well as in a nearby deforested
area (Nunge Reserve, hereafter abbreviated
to Nunge R), which is used as a reservoir for
solar salt works (see Mwandya et al. 2009).
Mangrove creeks were chosen for sample
collection because mullets are commonly
distributed within this type of environment

(Mwandya et al., 2010a, b). All the sampling
sites are influenced by monsoon winds, with
two pronounced rainy seasons from March to
May (the south-east monsoon) and October
to December (the north-east monsoon;
McClanahan, 1988). Tides in the region are
strong and semi-diurnal with a tidal range
of approximately 3.5 m. The mangroves
are intertidal but retain water even during
low spring tide. None of the sampling sites
have permanent freshwater input and were
characterized by sand or mud bottom with
no macrophyte cover. The distance between
the sampling sites ranged from 500 m to
100 km in a hierarchical design (see Table
3 for pair-wise distances) to assess at which
spatial scales genetic structuring becomes
evident (analysing variability within creeks,
between creeks and between Zanzibar and the
Tanzanian mainland).
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Sample collection

A total of 118 schooling fish were caught
during low tide using a 17 x 2 m seine net with
a stretched mesh size of 1.9 cm. Each haul
swept an area of approximately 170 m?. All
fish collected were juveniles between 6.9 and
13.8 cm in total length, the mean length being
9.9+1.8 cm. After each haul, the tail tissue
of freshly killed specimens was immediately
preserved in 70% ethanol solution and stored
at 4°C. Each specimen was morphologically
identified to species level according to Smith
& Heemstra (1991).

DNA extraction

DNA was extracted from each individual as
described by Laird et al. (1991).

DNA-barcoding using cytochrome
oxidase subunit 1 (CO1) sequencing

Thirty individuals were used for the mtDNA
analysis, but only 18 were successfully
amplified. Primers used in a previous study
by Ward et al. (2005), proven to be effective
for a variety of fish species, were chosen
for amplification of the CO1 mitochondrial
region. PCR reactions were also performed
according to Ward et al. (2005).

AFLP

Prior to AFLP analyses, all samples were
randomized relative to their sampling site to
minimize possible effects of between-batch
variation in the PCR reactions (Bensch &
Akesson, 2005). The concentration of their
DNA was determined using a Nanodrop © ND-
1000 (Thermo Scientific) spectrophotometer
and then diluted to the working concentration
of 25ng/ul. The AFLP analyses were performed
according to Vos et al (1995) with the
modification described by Bensch & Akesson
(2005). Pre-amplification was carried out using
two selective nucleotides, an EC-forward
primer and an MG-reverse primer. The primer
combination for the selective amplification
step was a FAM-labelled E-primer with CGT
as selective nucleotides and the M-primer with
GTA as selective nucleotides. The labelled

DNA fragments were separated by capillary
electrophoresis, ABI3730XL (Applied
Biosystems), at Uppsala Genome Centre, using
a 500bp DNA ladder as size standard. The data
were subsequently scored using Gene Mapper
software 3.0 (Applied Biosystems) at default
settings with no normalization. AFLP score
(Whitlock et al., 2008) was used to normalize
data based on peak height and to determine
the optimum scoring conditions by genotype
calling. The heights of the loci were exported
to AFLP score and used to generate a 1/0 data
matrix for further analysis. The analysis range
was 50-500bp, the locus selection threshold
was 200 RFU and the relative phenotype calling
threshold was set to 100%, yielding a total of
133 variable bands. We manually checked that
duplicate samples yielded the same genotypes.

Data analysis

Differences in total length of the individual
fish were analysed using one-way ANOVA.
Prior to analysis, Levene’s test was used to
establish whether the various data fulfilled
the assumption of homogeneity of variances.
When assumptions were not met even after
transformation, the non-parametric Kruskal-
Wallis test was used. A posteriori pairwise
comparison of means was performed using
the Games-Howell approach. Due to the
large number of tests, the significant level
was adjusted using the Bonferroni correction
method.

DNA-barcoding

Analysis of the mitochondrial sequences was
made using MEGA software 4.0 (Tamura et
al., 2007). Forward and reverse sequences
were aligned and modified by hand to create
consensus sequences. The consensus sequences
were compared to sequences in GenBank (http:/
www.ncbi.nlm.nih.gov/genbank/) by BLAST
search and the closest hits in GenBank presented
by Durand et al., (2012) were aligned to the
sampled sequences. All sequences were aligned
using Clustal W and a neighbour-joining tree was
constructed with the Kimura-2 parameter (K2P)
distance model and tested with 500 bootstrap
replicates using MEGA software (Tamura et al.,
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2007). All individuals were arranged in groups
based on the consensus neighbour-joining tree
and genetic distances with standard errors were
calculated within and between groups using the
K2P model. Finally, the results from CO1 were
compared with the value considered by Hebert
et al. (2004) to be the threshold for species or
congeneric species differentiation.

AFLP

The genetic stock structure was investigated
with the Bayesian approach in STRUCTURE
2.3 (Pritchard et al., 2000, Falush et al., 2007).
All individuals were assigned to genetic
clusters with no prior information and the
assumption of admixture and correlated allele
frequencies.

This model assumes that the mullet belong
to K putative parental populations that may
or may not be present today. The admixture
proportions represent the proportion of an
individual’s genome that originates from a
K parental population (Francois & Durand,
2010). The most likely number of clusters
was calculated according to Evanno et al.
(2005). A constrained analysis of principal
coordinates (CAP) was performed in the R
environment (R Development Core Team
2009) using the VEGAN package (Oksanen
et al., 2009) with Jaccard distance measures
to visualize the AFLP data. CAP entails
multidimensional scaling that accommodates
non-Euclidian dissimilarity indices.

The hierarchical sampling design enabled
us to compare variation at different spatial
scales and therefore detect the smallest spatial
scale of genetic structuring using AFLP
data. Five sites at which samples of 13 to
35 individuals were collected were involved
in this analysis. The population structure of
the mullet was investigated using analysis of
molecular variance (AMOVA) software and
F-statistics in ARLEQUIN 3.11 (Excoffier
et al., 2005). The in-file for ARLEQUIN
was prepared using the R software package,
AFLPdat (Ehrich, 2006). The AFLP
genotypes were analyzed using AFLP-SURV
1.0 (Vekemans et al., 2002) to obtain values
of partitioning of the genetic diversity (F,).

Both the global F , and pairwise values were
analysed between sites. In the F_ analyses,
the allele frequencies were analysed assuming
Hardy-Weinberg equilibrium, using the
Bayesian method assuming non-uniform prior
distribution (Zhivotovsky, 1999). A total of
1000 permutations of individuals were tested
between sites to calculate the p-values for F,.

RESULTS
DNA-barcoding

None of the individuals morphologically
identified as Mugil cephalus using Smith
& Hemstra (1991) proved genetically to be
this species. According to the phylogenetic
analysis of the mtDNA marker COIl, the
samples seemed to belong to more than
one species, possibly as many as three. The
majority (13 of 18) of the analysed samples
clustered with Valamugil buchanani (Fig. 2a).
All the bootstrap values at the level of groups
were high, supporting the robustness of the
tree in Fig. 2a. Identifications of the samples
based on a BLAST search of data provided
by Durand et al. (2012) yielded V. buchanani,
Moolgarda seheli, and M. cunnesius. The
M. cunnesius consensus rate in GeneBank
was low (91% similarity), indicating that
this might be an undescribed species (pers.
comm. J.D. Durand). The genetic distances of
the CO1 sequences within clades determined
from the Kimura 2-parameter model were
generally much smaller than the genetic
distances between clades (Table la). The
highest genetic variation (0.6% within clade)
was found in the M. cunnesius clade, followed
by M. seheli (0.3%), V. buchanani (0.07%),
M. cephalus (0.03%) and Chelon labrosus
(0%; Table 1). Applying the tenfold threshold
recommended by Hebert et al. (2004),
the average genetic variation between M.
cunnesius and the other taxa should be at least
6% to qualify as a separate species (Table 1b).
The genetic distances between groups were
more than tenfold compared to the genetic
distance within groups for V. buchanani, C.
labrosus and M. cephalus, with nucleotide
distances ranging between 0.161+0.016
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Table 1. a) Estimates of average evolutionary divergence between sequence pairs (K2P distances within
groups) derived from the juvenile mullet CO1 data. D = the number of base substitutions per site derived
from averages of all sequence pairs within each group, SE = standard error, N = number of samples, and
GenBank = the number of sequences derived from this source. All distance estimates are based on the
pairwise analysis of 26 sequences. b) Estimates of evolutionary divergence over sequence pairs between
groups (K2P distances between groups).

a
D S.E. samples GenBank
V. buchanani (A) 0.0070 0.0014 13 1
M. seheli (B) 0.0353 0.0058 3 2
M. cunnesius (C) 0.0626 0.0084 2 1
C. labrosus(D) 0.0034 0.0024 0 2
M. cephalus ( E) 0.0000 0.0000 0 2

b

M. seheli (B) M. cunnenius (C) C. labrosus(D) M. cephalus ( E)
V. buchanani (A) 0.096 +0.012 0.161 +£0.016 0.183 +0.020 0.237 +£0.024
M. seheli (B) 0.166 £0.017 0.185+0.019 0.227 +£0.022
M. cunnesius (C) 0.157 +£0.017 0.222 +£0.020
C. labrosus(D) 0.231 £0.023

(mean K2P distance + standard error) and
0.237+0.024, results which imply that these
are distinct species. The smallest genetic
distances were found between V. buchanani
and M. seheli, where the mean K2P distance
of within-group divergence was 0.096+0.012.
The pair-wise difference between the V.
buchanani clade and the M. seheli clade did
not rise above the tenfold threshold level and
the genetic variation was too low to assign
them to different species (Hebert et al., 2004).

AFLP

Bayesian analysis of the number of genetic
clusters (based on the AFLP analyses)
showed that the log-likelihood posterior
probabilities were lacking modal distribution,
so the optimum number of clusters had to
be calculated according to the method of
Evanno et al. (2005). We found support for
a distinct AK peak at K=2 (Fig. 3a). Of the

two genetic clusters, cluster 2 was only found
at the Tanzanian mainland (Nunge R and
Nunge) and not at Zanzibar (Fig. 3b). The
CAP plot supported the Bayesian analysis;
the two groups on the plot corresponded to
the two genetic clusters revealed by Bayesian
analysis (Fig. 2b). However, the different
clades identified by the neighbour-joining
tree based on the mitochondrial COl DNA
sequences did not correspond with the two
genetic clusters identified by the Bayesian
analysis of the AFLP data. The DNA barcoded
individuals were overlaid on the CAP plot of
the AFLP data to visualize the distribution
of the barcoded samples. AMOVA analysis
revealed that 69% of the genetic variation
was within sites, 10% between sites on
either the mainland or Zanzibar, and 21%
were partitioned between the mainland and
Zanzibar (Table 2). The global FST wvalues
between sites was 0.0308 (p<0.05), indicating
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Figure 2. a) Evolutionary relationships of juvenile mullet collected around Zanzibar and on the Tanzanian
coast. The evolutionary history was inferred using the neighbour-joining method. The tree is drawn to scale,
with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree. Clu 1 or Clu 2 represents the assigned clusters based on the Bayesian assignment test of the AFLP data.
Letters (A-E) depict the major clades present. Species names are from Genebank based on the sequences
published by Durand et al. (2012). b) CAP analysis based on dissimilarities of the AFLP phenotypes of
juvenile mullet collected around Zanzibar and on the Tanzanian coast. The CO1 sequenced individuals
are overlaid for visual reference. Arrows show the position of the two samples identified as Moolgarada
cunnesius. Eigenvalues are represented by a bar graph.
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Table 2.Three-level locus by locus AMOVA analysis of grey mullet AFLP phenotypes sampled around Zan-
zibar and Bagamoyo on the Tanzanian mainland. Global FST values of 0.30 and all levels of differentiation

in the AMOVA were significant (p<0.05).

Source of variation Sum of squares

Variance components

Percent variation

Mainland vs Zanzibar 269.35 3.60 20.59
Among sites within groups 151.65 1.79 10.23
Within sites 1367.89 12.11 69.17
Total 1788.88 17.50

strong overall genetic structuring. Pairwise DISCUSSION

tests of genetic differentiation between sites
were all significant except for those at Nunge
vs Nunge R and Kinani vs Kiongwe (Table
2). A comparison of genetic and geographical
distances yielded no consistent patterns (Table
3). Likewise, variability in fish size between
sites was not related to genetic differentiation
(Table 3). Although pairwise tests showed
that the mean fish size differed significantly
between Kinani, Kiwani and Kiongwe
respectively, genetic differentiation was only
found between Kiwani and the other two
sites, and not between Kinani and Kiongwe
(Table 3). Furthermore, the genetic structure
also differed between Kinani and both sites
in Bagamoyo (Nunge and Nunge R), while
the mean fish size differed only between
Kinani and Nunge and not between Kinani
and Nunge R. Fish from the two neighbouring
mainland sites, Nunge and Nunge R, differed
neither genetically nor in size (Table 3).

In this study, we sampled what was thought
to be Mugil cephalus harvested in the manner
practiced by local fishermen and fish farmers
to collect wild fingerlings for aquaculture
(Mmochi & Mwandya, 2003). All samples
were morphologically identified as M.
cephalus according to Smith & Heemstra
(1991). However, two distinct genetic clusters
emerged when analysing the AFLP data using
the Bayesian assignment test in STRUCTURE
2.2. Field identification of juvenile mullet can
be difficult and we thus employed genetic
barcoding of the COl gene to ensure that
we had sampled a single species and not two
species as indicated by the Bayesian assignment
test. Since the phylogeny of mullets is under
revision (Papasotiropoulos et al., 2002; 2007,
Durand et al., 2012), we only used DNA
sequences provided by Durand et al. (2012)
in the analyses. We found that the samples

Table 3. Pairwise F, values representing genetic distances of juvenile mullet collected around Zanzibar
and on the Tanzanian coast (above diagonal) and geographical distances in km between the collecting sites
(below diagonal). Values denoted (*) were significant (p <0.005) and a plus sign indicates that the mean fish

size was significantly different between sites (p <0.05).

Nunge NungeR Kinani Kiwani Kiongwe
Nunge 0.0427 0.0764* 0.1470%* 0.0459%*
Nunge R 3 0.1944%* 0.1767* 0.1767*
Kinani 70 67+ 0.1918* 0.0100
Kiwani 45+ 42+ 53+ 0.1700%*
Kiongwe 45+ 42 53+ 0.5+
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Figure 3. a) Optimum number of genetic clusters of juvenile mullet collected around Zanzibar and on the
Tanzanian coast calculated according to Evanno et al. (2005). b) Genetic composition of juvenile mullet at
sample sites around Zanzibar and on the Tanzanian coast. Each bar represents an AFLP phenotype.

morphologically identified as M. cephalus
were, in fact, not genetically identified as such.
They were identified as Valamugil buchanani
(13 samples), Moolgara seheli (3 samples)
and Moolgarda cunnesius (2 samples). It is
unclear whether V. buchanani and M. seheli
actually constitute two distinct species based
on the tenfold within vs between difference in
species recommended by Herbert ef al. (2004),
but the DNA sequences scored 91% hits on
M. cunnesius, the highest in the Durand et
al. (2012) dataset. Two species had very high
within-clade genetic diversity, M. cunnesius
(0.063 £0.008) and M. seheli (0.035 £0.0006),
and could not be distinguished as unique
species when compared to the other clades.

Individuals identified by DNA-barcoding
as V. buchanani were found in both the genetic
clusters identified by the Bayesian analysis
of the AFLP markers. AFLP has been used to
detect differences between species and also for
the construction of phylogenetic trees, not just at
sub-species level but also for clearly separable
species (Graves, 2009). In some instances,
AFLP has outperformed mtDNA and genetic
barcoding in species phylogenies (Dasmahapatra
et al., 2009, Mendelson & Wong, 2010).

Our two markers, the CO1 gene (mtDNA)
and AFLP (nuclear DNA), revealed two
different scenarios with no correspondence
between them. The two AFLP clusters each
contained several species identified by
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the CO1 neighbour-joining tree (cluster 1
contained V. buchanani and M. seheli and
cluster 2 contained V. buchanani and M.
cunnesius). The AFLP variation in cluster
1 was greater within V. buchanani than
between V. buchanani and M. seheli. In
addition, V. buchanani mtDNA haplotypes
were found in both the AFLP-based genetic
clusters, with no clear delineation in the
AFLP phenotypes in the continuum between
V. buchanani and M. seheli. 1t is also worth
noting that Durand ef al. (2012) questioned
the validity of the two genera, Valamugil
and Moolgarda.

A weak correspondence between nuclear
and mtDNA markers in phylogeographic
analyses is not uncommon (Toews &
Brelsford, 2012) and our combined
information on AFLP markers and COl1
sequences did not clearly separate out
different species. The pairwise comparisons
between sampling sites nevertheless
revealed that there were some fine-scale
genetic  differences. Our hierarchical
sampling design, ranging from 500 m to 70
km, enabled us to establish the spatial scale
of the genetic partitioning we encountered.
The pair-wise differences in AFLP markers
between Kiwani and Kiongwe could be
explained by the sampling of different
species at different ends of the genetic
continuum between V. buchanani and
M. seheli, thus exaggerating the genetic
differences by the geographical proximity
of the sites. The clear distinction between
the two Bayesian clusters cannot be
explained alone in terms of their different
species; cluster 1 included fish from all the
sites while cluster 2 only incorporated fish
from mainland sites.

Aquaculture activities in the Western
Indian Ocean region depend on the collection
of wild juvenile mullet (Mmochi & Mwandya,

2003). This practice is used in many countries
due to the positive results gained from
wild seed collection and the high cost of
development of commercial hatchery facilities
(Suloma & Ogata, 2006). Although the effect
of harvesting wild juveniles on the mullet
stock has not been well studied, an increasing
demand for juvenile mullet and fry with the
expansion of aquaculture may have negative
effects on the capture fisheries. Harvesting
wild fry for aquaculture poses dangers both
in terms of the introduction of disease into
aquaculture facilities and a reduction in the
wild harvested stock. Furthermore, harvesting
a single wild stock for aquaculture can lead to
a loss in genetic diversity as well as reduced
genetic fitness and resistance to disease within
an aquaculture system (Spielman et al., 2004).
This does not seem pertinent in the case of V.
buchanani, considering the high within-species
genetic variability described by its AFLP data.
The main concern for aquaculture development
in East Africa should thus be not to overharvest
the juveniles, leading to collapse of the wild
stocks. This study has further shown that the
species currently regarded as Mugil cephalusis,
in fact, is Valamugil buchanani and, as there
are differences in growth rate and maximum
size between the two species (Froese & Pauly,
2010), it is possible that aquaculture systems
may be deemed a failure due to the fact that
the fish under culture are slower-growing than
M. cephalus. These are important concerns that
need to be addressed as soon as possible.
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