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ABSTRACT

GENETIC DIVERSITY AND MORPHOMETRIC
CHARACTERIZATION OF ACETES (DECAPODA: SERGESTIDAE)
COLLECTED FROM THE WEST COAST OF PENINSULAR
MALAYSIA

WONG BOON YEE

Acetes shrimps are in high demand for human consumption, as feed for
livestock and as livefeeds in aquaculture. In Malaysia, they occur widely
across the west coast of Peninsular Malaysia and are fished commercially in-
shore (using traditional fishing gears) and in open waters via trawling activities.
Previous morphometric studies of this genus based solely on in-shore catches.
However, now the majority of Acefes landings are from oft-shore trawling
activities and thus morphometric data remain scarce. In addition, little is
known about the genetic diversity and population structure of Acetes, which

are crucial for the assessment and management of wild stocks.

Acetes shrimps were collected from both in-shore and off-shore areas around
the west coast of Peninsular Malaysia. Species captured were identified as
Acetes indicus, A. serrulatus, A. japonicus and A. sibogae, using the
identification keys of Omori (1975b). Morphometric measurements (total
length, TL; carapace length, CL; and wet weight, WW) were obtained from the
samples. Significant differences in measurements were observed between the
sexes, between in-shore and off-shore samples, and among species. TL-WW

Relationships and CL-TL Relationships were also estimated.
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Genetic diversity and population structure were described based on
mitochondrial DNA sequence analysis. A region of the mitochondrial
cytochrome ¢ oxidase subunit I (COI) gene consisting of 552 base pairs (bp)
was amplified from 159 Acetes specimens. Multiple sequence alignment
analysis revealed 46 haplotypes representing 4. indicus (11), A. serrulatus (31),
A. japonicus (2), and A. sibogae (2). Sequence divergence among the four
Acetes species ranged from 14.19% to 20.47% (mean = 8.23%). Neighbour-
Joining, Maximum Parsimony, Maximum Likelihood and Bayesian Inference
methods consistently revealed four distinct clades based on aligned COI gene
fragment sequences. This agrees with the four described Acetes species that
were identified using morphological keys. All clades were monophyletic and
supported with high bootstrap values and high posterior probabilities. Besides

that, cryptic diversity is present in at least two taxa (4. indicus and A. sibogae).

Overall haplotype and nucleotide diversity varied considerably among species.
Analysis of Molecular Variance (AMOVA) showed significant differentiation
among A. indicus populations, while no significant genetic differentiation was
detected among populations of A. serrulatus, A. japonicus and A. sibogae. In
addition, the combinations of haplotype and nucleotide diversity, neutrality
tests and mismatch analysis suggested different demographic histories for 4.
indicus (i.e., secondary contact between historically isolated populations) and
A. serrulatus (i.e., historical population bottlenecks followed by rapid
population growth). Patterns in 4. serrulatus and presence of two distinct
lineages observed in A. indicus are suggestive of Pleistocene population

expansions.
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CHAPTER 1.0

INTRODUCTION

Sergestid shrimps in the genus Acefes (Decapoda: Sergestidae) are small
planktonic shrimps (1040 mm in total length) locally known as ‘Udang
Geragau’ or ‘Udang Baring’ (Omori, 1975b). Currently, seven (4. indicus, A.
japonicus, A. serrulatus, A. vulgaris, A. sibogae, A. intermedius and A.
erythraeus) out of 14 described Acetes species have been found within
Malaysian coastal waters (Amani et al., 2011¢c; Amin et al., 2011; Longhurst,
1970; Pathansali, 1966). Landings of Acetes spp. are confined mainly to the
west coast of Peninsular Malaysia where 75% or more of the total Acetes spp.
landings occur (DOF, 2001-2010). Besides their commercial importance for
human comsumption (Holthuis, 1980; Omori, 1978) and potential used as food
organisms in agriculture and aquaculture (Deshmukh, 1991; Job et al., 2006),
they play an important role as both predators and prey, in the food webs of

coastal waters (Xiao and Greenwood, 1993).

Morphometric analyses are useful for species identification and may also
suggest certain patterns of the life-cycle, while length-weight relationships
(LWR) are useful for growth pattern evaluation (Anderson and Neumann, 1996;
Jobling, 2002; Le Cren, 1951). In Malaysia, previous similar studies of Acetes
spp- have focused on in-shore catches using traditional fishing gears (Amin et
al., 2009b; Amin et al., 2010a; Amin et al., 2009¢; Amin et al., 2011; Arshad et
al., 2012; Arshad et al., 2007). However, the majority of Acetes landings are

now from off-shore trawling activities (DOF, 2001-2010) and thus



morphometric data of these species remain scarce especially from around the

off-shore fishing grounds.

While much is known about distribution, abundance and morphometrics of
these commercially important Acetes species, little is known about their
genetic diversity level and patterns and population structure. To conserve
existing wild resources of these highly exploited species for long term
sustainable yields, information on the genetic diversity and population
structure of Acetes species will be crucial for the assessment and management
of wild stocks (Allendorf and Luikart, 2006; Carvalho and Hauser, 1994;
Thorpe et al., 2000; Ward, 2000; Ward and Grewe, 1994). Furthermore,
phylogenetic relationships among Acetes spp. may shed light on the
evolutionary relationships of these shrimps that remain largely unknown and
external morphology is still the main criteria used for defining taxonomic

status of Acetes spp.

Therefore, the objectives of this study are:
1. To identify the Acetes shrimps species sampled from in-shore
and from off-shore trawling activities along the west coast of
Peninsular Malaysia using morphological criteria detailed in
Omori (1975b);
2. To assess morphometric variation between sexes of each
species, among and between species, as well as between in-

shore and off-shore catches,



3. To establish length-weight relationships suitable for use on
Acetes shrimps from the west coast of Peninsular Malaysia and
for growth pattern evaluation;

4. To infer phylogenetic relationships among the Acetes species
identified via morphological analysis.

5. To assess levels and patterns of genetic variation in each species
of, and determine if population structure is present in the

sampled locations.



CHAPTER 2.0

LITERATURE REVIEW

2.1 Acetes shrimps

2.1.1 Morphology

Sergestid shrimps in the genus Acetes are small planktonic shrimps, with a
body length ranging between 1040 mm (Omori, 1975b). Their bodies are
rather slender (Colefax, 1940), translucent or semi-translucent, with black eyes,
and several pairs of red pigment spots on the base of the uropod and on the
endopods of the uropods (Achuthankutty and Nair, 1976; Chan, 1998; Holthuis,

1980; Miquel, 1984; Okada, 1928; Omori, 1975b).

In Figure 2.1, a diagram of a typical male Acetes shrimps is presented with the
parts labelled (Omori, 1975b). The rostrum is acute and short, lacking or with
one or two dorsal denticles (Omori, 1975b), and, both hepatic and supraorbital
spines are well developed (Colefax, 1940; Hansen, 1919). The compound eyes
are stalked, nearly spherical and are heavily pigmented (Ball et al., 1986). In
addition, the lower flagellum is short and composed of about ten to twelve
joints, while the upper flagellum is very long, and thicker than the lower

(Kishinouye, 1928).

The head (cephalon) region consists of five somites (Xiao and Greenwood,
1993), that include a pair of antennules (Ist antennae), antennae (2nd
antennae), mandibles, maxillules (1st maxillae) and maxillae (2nd maxillae). In

addition, the thorax has eight somites: three pairs of maxillipeds and five pairs



of pereiopods (legs), the first three are chelated and the fourth and fifth
pereiopod are absent except for a pair of protuberances (genital coxae) in

males (Xiao and Greenwood, 1993).

The abdomen has six somites, the first five abdominal somites bear a pair of
pleopods used for forward swimming, and the sixth with uropods and telson
(Xiao and Greenwood, 1993). The uropods have a basal protopod and an inner
endopod and outer exopod. Several pairs of red pigment spots which are
considered to be phototactic organs by Okada (1928), occur on the base of the
uropod while the other(s) occur on the endopods of the uropods

(Achuthankutty and Nair, 1976; Okada, 1928; Omori, 1975b).
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Figure 2.1: Diagram of a male Acetes. AM, appendix masculina; AF, antennal
flagellum; AP, antennular peduncle; AS, antennal scale; CH, chela; CR, cornea;
End, endopod; ES, eye stalk; Exp, exopod; GC, genital coxa; HS, hepatic spine;
LF, lower flagellum; Mxpd, maxilliped; PT, procurved tooth; R, rostrum; RPS,
red pigment spots; UF, upper flagellum (Omori, 1975b).



2.1.2 Classification

The genus Acetes is classified in the phylum Arthropoda, subphylum Crustacea,
class Malacostraca, order Decapoda and family Sergestidae (De Grave et al.,
2009; Martin and Davis, 2001). Since the genus was first raised by Milne
Edwards (1830) based on a species captured from the mouth of Ganges in
India, 22 species have been reported across the world (Table 2.1, Omori,
1975b). Currently however, only 14 distinct species are recognized (De Grave
et al., 2009; Omori, 1975b) as some species names are considered to be
synonyms (Burkenroad, 1934; Colefax, 1940; Hansen, 1919; Holthuis, 1959;

Kemp, 1917; Pathansali, 1966; Rao, 1968).

Table 2.1: List of distinct species reported around the world and synonyms in
the genus Acetes.

Distinct species Synonym
Indo-West
1. Acetes chinensis Hansen, 1919
2. Acetes erythraeus Nobili, 1905 Acetes sp. Hansen, 1919
3. Acetes indicus H. Milne Edwards, 1830 Acetes spiniger Hansen, 1919
4. Acetes intermedius Omori, 1975
5. Acetes japonicus Kishinouye, 1905 Acetes disper Hansen, 1919

Acetes cochinensis Rao, 1968
6. Acetes johni Nataraj, 1947
7 Acetes natalensis Barnard, 1955

8. Acetes serrulatus (Kroyer, 1859) Acetes insularis Kemp, 1917

9a.  Acetes sibogae sibogae Hansen, 1919

9b.  Acetes sibogae australis Colefax, 1940 Acetes australis Colefax, 1940

9¢c.  Acetes sibogae sibogalis Achuthankutty and Acetes sibogalis Achuthankutty
George, 1973 and George, 1973

10.  Acetes vulgaris Hansen, 1919

Pacific America
11.  Acetes binghami Burkenroad, 1934

Atlantic America

12a. Acetes americanus americanus Ortmann, Acetes brasiliensis Hansen, 1919
1893
12b.  Acetes americanus carolinae Hansen, 1933 Acetes carolinae Hansen, 1933

13.  Acetes marinus Omori, 1975
14.  Acetes paraguayensis Hansen, 1919




2.1.3 Identification Keys

Since the identification keys for males and females of Acetes are different, a
method for identifying the sexes of Acefes is needed (Omori, 1975b). The
unique characters used to identify the sexes of Acetes are the presence of a pair
of protuberances (genital coxae) between the third pereiopods and first
pleopods in males. In addition, a petasma and lower antenullar flagellum with

spine(s) are observed in males, but are absent in females.

While many regional keys have been reported for Acetes species identification
(Barnard, 1955; Chan, 1998; D'Incao and Martins, 2000; George, 1969;
Hansen, 1919; Kemp, 1917; Miquel, 1984; Pathansali, 1966; Ravindranath,
1980), global keys reported by Omori (1975b) may be more suitable. As an
example, the regional keys provided by Pathansali (1966) were able to identify
six species of Acetes, including A. indicus, A. erythraeus, A. japonicus, A,
serrulatus, A. sibogae and A.vulgaris collected in Peninsular Malaysia. Indeed,
Acetes spp. collected from different sampling locations in the coastal waters of
Peninsular Malaysia were identified as A. indicus, A. serrulatus, A. japonicus,
A. vulgaris, and A. intermedius (Amin et al., 2011; Amin et al., 2008b; Arshad
et al.,, 2007) based on Omori (1975b). A. intermedius will not able to be
identified based on the regional keys provided by Pathansali (1966) and this
illustrates a case where regional keys have limitations as they may not
represent all morphological features present in some Acetes spp. occurring in a
region. Apart from this, it should be noted that most keys provided by different
authors only apply to adults as the taxonomy of Acetes larvae, postlarvae and

juveniles has not been elucidated (Omori, 1975b).



Indeed, Kemp (1917) showed that when distinguishing A. indicus, A.
serrulatus (= A. insularis), A. erythraeus, and A. japonicus adult males, the
form of the petasma is the most reliable guide and the lower antennular
flagellum is also a reliable character; while the third thoracic sternite offers
distinctive characters in the females of each species. This is further confirmed
in a study by Omori (1975b) of 14 Acetes species, where each species had a
distinctive form of petasma and lower antennular flagellum in males, and a
distinct third thoracic sternite in females. Apart from these differences, Acetes
collected from Malaysian coastal waters (Amin et al., 2011; Amin et al., 2008b;
Arshad et al., 2007) agrees well with descriptions of these three characters
provided by Omori (1975b). This indicates the usefulness of these three
characters for distinguishing Acetes species as well as the global species

identification keys reported by Omori (1975b).

Apart from the characters above, the species may also be distinguished by each
or combinations of the following characters: number of denticles on the
rostrum behind the terminal point, size of the eye, proportional lengths of the
three segments of the antennular peduncle, detailed structure of the basis
(trochancter) and coxa of the third pereiopod, presence or absence of a
procurved tooth between the bases of the first pair of pleopods, shape of the
telson, and proportional length of the non-ciliated part of the outer margin of
the exopod of the uropod to the entire margin (Omori, 1975b). For example, in
the identification of A. erythraeus, A. vulgaris, A. serrulatus, and A. japonicus
(= A. dispar) found in Singapore waters (Tham, 1955), A. vulgaris can be

immediately separated from the other three species that occur there by



presence of a procurved tooth between the first pair of pleopods in both
females and males. As with the other three species, no procurved spine is
evident. Furthermore, males and females of the other three species can be
easily separated by the shape of the petasma and lower antenullar flagellum,

and the distinctive shape of the third thoracic sternite, respectively.

2.1.4 Phylogeny of Acetes based on Morphology

A phylogeny for Acetes species has been reported by Omori (1975b) that is
based on morphological characters (Figure 2.2). Species in the genus Acetes
can be divided into erythraeus and japonicus groups based on presence of

distinctive morphological characteristics.

For females, a pair of conspicuous protuberances on the anterior part of the
third thoracic sternite is present in the erythraeus group, but absent in the
japonicus group (Omori, 1975b). For males, the anterior margin of the genital
coxa is pointed and a petasma with a par astringens is observed in the
erythraeus group (Omori, 1975b). Conversely, males of the japonicus group
have a petasma without pars astringens and an anterior margin of the genital
coxa that is rounded (Omori, 1975b). Interestingly, Acetes indicus can be
distinguished initially from other species by possessing characters that are a
mix of the japonicus and erythraeus groups, namely only one clasping spine

on the lower antennular peduncle in the male (Omori, 1975b).
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Figure 2.2: Diagram showing relationships of the genus Acetes based on
morphological character following Omori (1975b).

2.1.5 Geographical Distributions

Acetes species are mainly distributed in estuarine and coastal waters in tropical
and subtropical regions, and species are restricted to the Indo-West Pacific,
Atlantic and eastern tropical Pacific Oceans (Omori, 1975a; b; 1977). Ten
Acetes species are found in the Indo-West Pacific region and the Indo-Malay
archipelago regions (Figure 2.3-2.5): A. erythraeus, A. intermedius, A.

vulgaris, A. sibogae, A. johni, A. natalensis, A. serrulatus, A. chinensis, A.
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indicus and A. japonicus (Barnard, 1955; Chullasorn and Martosubroto, 1986;
George, 1969; Hansen, 1919; Johnson, 1965; Jones, 1969; Kemp, 1917;
Kensley, 1971; Le Reste, 1970; Nobili, 1905; 1906; Omori, 1975b; 1978; Park
et al., 2009; Pathansali, 1966; Pérez Farfante and Kensley, 1997; Ravindranath,

1980; Tirmizi and Ghani, 1982).

Another three species of Acetes are restricted to the Atlantic America (Figure
2.6): Acetes americanus (Allen et al., 2008; Calazans, 2002; Camp et al., 1998;
Chace, 1972 ; Costa et al., 2003; Johnson and Allen, 2005; Joyce, 1966;
Williams, 1965; 1969), A. marinus (Coelho and Ramos-Porto, 1984; D'Incao
and Martins, 2000), and A. paraguayensis (Aldrich, 1962; Arrington and
Winemiller, 2003; 2006; Magalhaes, 1999; 2002; Melo Junior, 2006). A.
paraguayensis is the only Acetes species that occurs in freshwater (Collins and
Williner, 2003; Garcia-Davila and Magalhdes, 2003; Holthuis, 1959;
Magalhaes and Pereira, 2007; Rodriguez, 1982), while 4. binghami is the only
species found on the Pacific coast of America (Omori, 1975b; Pérez Farfante
and Kensley, 1997). No species has been reported however, from the East
Atlantic Mediterranean region or the islands of the Central Pacific (Hawaii and

New Zealand).

In Malaysia, seven species of Acetes has been identified from coastal waters on
both West and East Malaysia: A. indicus, A. serrulatus, A. japonicus, A.
sibogae, A. vulgaris, A. intermedius and A. erythraeus (Amin et al., 2011;
Fernandez-Leborans et al., 2009; Johnson, 1965; Longhurst, 1970; Pathansali,

1966; Tham, 1968).
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Figure 2.3: Distribution of Acetes erythraeus, A. intermedius and A. vulgaris
(Omori, 1975b).
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Figure 2.4: Distribution of Acetes sibogae, A. johni, A. natalensis and A.
serrulatus (Xiao and Greenwood, 1993).
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Figure 2.5: Distribution of Acetes chinensis, A. indicus and A. japonicus
(Omori, 1975b).
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Figure 2.6: Distribution of Acetes americanus, A. binghami, A. marinus, A.
paraguayensis (Xiao and Greenwood, 1993).
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2.1.6 Ecology

2.1.6.1 Dispersal among Habitats

Organisms that undertake extensive migrations are believed to do so for a
specific biological purpose. Some species of Acetes have been inferred to
migrate between different habitats in order to complete their life cycles. A
study by Ikematsu (1953) and Lei (1984) reported a spawning ground for A.
Jjaponicus in the innermost areas of the Ariake Sea (coastal waters of western
Japan) and eastern coastal waters of Guangdong Province in China,
respectively, but did not describe associated dispersal between regions. Feng et
al. (1982) and Shi (1986) however, described in great detail, seasonal
migration of 4. chinensis in western areas of the Bohai Sea and in-shore waters
in southern Zhejiang (East China Sea). In these two regions, shrimps which are
concentrated mainly in wintering grounds from December to February, but
move towards the shore and reach their spawning grounds (i.e., shallow, in-
shore area, coastal and estuaries) in spring (March to May). During summer
and autumn (mid of May to August), they spawn in the spawning grounds and
leave the in-shore area for wintering grounds at the end of autumn (September
to November). Similar migratory patterns were also observed by Omori
(1975a) in which the spawning of A. japonicus took place in the innermost
areas of the Ariake Sea (Ikematsu, 1953), then post-larvae moved to deeper
water in late autumn and remained there across the winter before returning in-

shore in the early spring as adults.

In a study by Chiou et al. (2000), adults of A. intermedius were reported to

migrate from estuaries to deeper off-shore waters when river discharges
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increased due to heavy rainfall in the summer (i.e., the southwest monsoon
from May to October). This behavior may reduce competition for food
between adults and their offspring. When the northeast monsoon began, A.
intermedius then returned to estuaries. In addition, migrations may be affected
by multiple environmental factors, including water temperature (Ikematsu,
1953; Jiang and Guo, 1983; Shi, 1986), rainfall and/or direction and intensity

of wind (Chiou et al., 2000; Jiang and Guo, 1983).

2.1.6.2 Sex Ratio

In general, most sex ratios are reported to be close to 1: 1 (males: female) in
nature (Fisher, 1930). The sex ratio of Acetes spp. however usually deviate
from 1:1, with in general more females than males, as in A. chinensis in
Laizhou Bay and the Bohai Sea (Zhang, 1992), Laizhou Bay and the Huanghe
estuary (Zhong et al., 2001), western coast of Korea, Yellow Sea (Oh and
Jeong, 2003), A. chinensis and A. japonicus in south western waters of Korea
(Oh and Jeong, 2002) and 4. johni in Karwar coast, India (Kakati et al., 1988).
Similar sex ratio patterns have been observed in A. intermedius, A. indicus and
A. japonicus in coastal waters of Klebang Besar, Malacca, Malaysia (Amin et
al., 2009b; Amin et al., 2010b; Arshad et al., 2007). Alternatively, a higher
proportion of males than females was observed for A. sibogae in western
Australia (Hanamura, 1999), A. vulgaris in coastal waters of Pontian, Johor,
Malaysia (Arshad et al., 2008) and A. intermedius in coastal waters of Bintulu,

Sarawak, Malaysia (Amin et al., 2008b).
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A skewed sex ratio can be related to many potential factors, including growth,
relative mortality, and behavior of shrimp populations. As shown by Oh and
Jeong (2003), the faster growth of females leads to biased proportions toward
females (i.e., the proportions of females increased logistically with carapace
length), greater sizes can result in higher mesh-size selection and thus
dominance in fishery catches. During the spawning season, females were more
than males (Zhang, 1992). Females and males may also have different
mortality rates after spawning, in which the lifespan of males can be shorter
than females by 15-30 days (Lei, 1984). Both these factors can lead to the
female-biased sex ratios. In addition, a skewed of sex ratio can result from
‘spatial sexual segregation’. Female to male ratio of A. chinensis in Laizhou
Bay and southern Pohai seems to increase logistically with total body length
from slightly over 30% at a body length of about 6 mm to unity at a body
length of about 34 mm (Zhang, 1992). In contrast larger proportions of males
compared with females may be due to larger body size of females that makes
them more vulnerable to starvation (i.e., sensitive to food shortage due to large
size) and predation (i.e., less mobile). As a consequence, they may suffer a
higher rate of mortality than males and this leads to a sex ratio skewed in

favour of males (Berglund, 1981).

2.1.6.3 Life Span

Some authors have reported that some Acetes may spawn twice per year,
producing two types of generation within a single year (Ikematsu, 1953; Lei,
1984; Otto and Jamieson, 2001; PICES, 1999). Acetes that hatch in autumn

and live through the winter, then may die after spawning between late April or
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May and June or July (i.e., summer). The other cohort that hatches in early
summer will then grow rapidly in the warmer season and spawns in early
August (first summer generation). Shrimps that hatch from the first summer
generation produce the second summer generation that lay eggs in late
September or autumn. All spent shrimps die after spawning. Duration of the
life of this shrimp therefore, is 9—10 months for the former generation and 2.5—
3 months in the latter one. Similar patterns were reported by Yasuda et al.
(1953), who observed two generation types in the life cycle, and the life spans

of both generations were 10—11 months and 25-50 days, respectively.

2.1.7 Fisheries and Commercial Values of Acetes

The fishing grounds for Acetes are mostly located in the calm, muddy intertidal
zone or waters shallower than 5m in depth (Omori, 1975b; 1978). As shown in
Figure 2.7, Acetes fisheries operate mainly in Asia, and to a much lesser extent
also in Africa and South America (Omori, 1975b; Xiao and Greenwood, 1993).
A. chinensis, A. serrulatus, A. erythraeus, A. japonicus, A. indicus, A. vulgaris
and A. sibogae from single or combine species commercial fisheries are
undertaken in India, Thailand, Malaysia, Singapore, Indonesia, Philippines,
China, Japan, Korea and Taiwan (Aravindakshan and Karbhari, 1988; Chikuni,
1985; Holthuis, 1980; Li et al., 1986; Macintosh, 2001; Macintosh et al., 2003;
Mines et al., 1986; Omori, 1975b; Otto and Jamieson, 2001; Tham, 1968;
Zhang, 1986). Smaller amounts of Acefes are also caught for local
consumption in Myanmar, Vietnam, Sri Lanka, Bangladesh, (Omori, 1975b),
Africa (Crosnier and Fourmanoir, 1962; Jiddawi and Ohman, 2002; Le Reste,

1970) and in South America (Holthuis, 1959; 1980).
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According to Omori (1975b), the fishing season is aligned to the swarming
season of the Acetes, where during this season, Acetes form conspicuous
aggregations near the shore, and are fished mainly with push nets or fixed bag
nets set near the shore against the flow of the tide (Omori, 1975b; Pillai, 1983;
Ramamurthy and Muthu, 1969; Ruddle, 1986; Sehara and Kharbari, 1987). In
addition, beach seine, purse seine, stake nets and boat seines are used (Jiddawi
and Ohman, 2002; Khan, 1987; Omori, 1975b; Ramamurthy and Muthu, 1969;
Wei et al., 1985). Acetes fishing is also carried out by offshore trawling as well

(Deshmukh, 2004; FAO, 2001; Rao, 1988; Zynudheen et al., 2004).
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Figure 2.7: Major global fishing grounds of Acetes (Omori, 1975b). 0, Toyama
Bay; 1, Seto Inland Sea; 2, Ariake Sea; 3, Kyonggi Bay; 4, Yingkow; 5, mouth
of Luan River; 6, Shihtao; 7, Matsu Island; 8, Tungkiang; 9, Hong Kong; 10,
Cavite; 11, Paracale; 12, Iloilo; 13, Nhatrang; 14, Vung Tau; 15, Bac Lieu; 16,
Chonburi; 17, Choomporn; 18, Goh Pangi; 19, Penang; 20, Labuan; 21, Kudat;
22, Ponggol; 23, Jakarta; 24, Pelabuhan Ratu; 25, Surabaya; 26, Sandowa; 27,
Mergui; 28, mouth of Godavari River; 29, Cochin; 30, Versova; 31, Ambaro
Bay; 32, Ligamo; 33, Paramaribo; 34, Cayenne.
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In both East and West Malaysia (Peninsular Malaysia), Acetes is locally known
as ‘Udang Baring’, ‘Udang Geragok’, ‘Udang Geragau’, ‘Udang Kepal’ or
‘Bubok’, respectively (Omori, 1975b). Although both 4. indicus and A.
japonicus are commonly exploited (Omori, 1975b), A. serrulatus, A.
ervhtraeus, A. sibogae, A. vulgaris and A. intermedius are also present (landed
during trawling) (Amin et al., 2011; Fernandez-Leborans et al., 2009; Johnson,

1965; Longhurst, 1970; Pathansali, 1966; Tham, 1968).

Landings of sergestid shrimp (Acetes spp.) have been recorded from both East
and West Malaysia (DOF, 2001-2010). Landings of Acetes spp. are confined
however mainly to the west coast of West Malaysia (comprising 75% or more
and 85% or more of the total Acetes spp. catches in Malaysia and West
Malaysia, respectively), with Perak and Selangor as the main fishing centres.
Push nets, beach-seine, small purse seine, bag net or stake traps are the
commonly used traditional fishing gears (DOF, 2001-2010; Longhurst, 1970;
Omori, 1975b; Pathansali, 1966). Acetes are also harvested commercially in
open waters, via trawling activities at more than 5 nautical miles (nm) off-
shore (DOF, 2001-2010; FAO, 2000; Noh and Yew, 1995; Ogawa, 2004). It
should be noted that the majority of the Acetes spp. landings in Malaysia were

from the off-shore regions (DOF, 2001-2010).

Only a very small portion of Acetes catches are sold as fresh shrimp in Asian
countries. The greater proportion are boiled, dried in the sun, dried after
boiling and sometimes processed further by removing the carapace and

fermented with salt (shrimp paste and shrimp sauce) or pickled in salt
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(Deshmukh, 1991; Omori, 1975b; Yeap and Tan, 2003). Among these products,
fermented shrimp paste (‘Xigjiang’ in China, ‘Memtep’ in Vietnam, ‘Gapi’,
‘Ngapi’ in Mynmar, ‘Trassi’, ‘Terasi’ in Indonesia, ‘Kapi’ in Thailand,
‘Bagoong alamang’ in Philippines, ‘Belacan’ or ‘Belachan’ in Malaysia and
Singapore) and sauce (‘Xiayou’ in China, ‘Nam-pla’ or ‘Nam-keow’ in
Thailand) are highly desirable in China and South East Asia (Burkenroad,
1946; Deshmukh, 1991; Ling and Suriyong, 1954; Mabesa and Babaan, 1993;
Omori, 1975b). Apart from ‘Belacan’, Acetes shrimps landed can be dried also
pickled in whole salt and fermented with cooked rice into a local delicacy
known as ‘Chincalok’, ‘Cencalok’, ‘Cincalok’ or ‘Cincaluk’ (Abdullah and
Idrus, 1978; Pathansali, 1966; Wan Daud, 1978; Yeap and Tan, 2003; Yeoh

and Merican, 1978).

Apart from high demand for human consumption, Acetes spp. provide a major
source of protein for coastal populations in Asia and East Africa (Holthuis,
1980; Omori, 1975a; b; 1978), Acetes spp. as a food organism also play an
important role in agriculture and aquaculture. As examples, they are used for
feed for livestock and poultry (Deshmukh, 1991; Raje, 1991), as food for
feeding different larval stages in prawn hatcheries (Deshmukh, 1991; Pan and
Chien, 2003), and as a live feed for broodstock (Job et al., 2006). Apart from
this, they play an important role in the food webs of coastal waters, acting as
predators feeding on a variety of foods (i.e.,, detritus, diatoms, copepods,
meroplankton of molluscs) and in turn constitute as prey for other fishes and
predators (Deshmukh, 2003; Jaiswar and Chakraborty, 2005; Xiao and

Greenwood, 1993).

20



2.2 Fixing and Preservation of Specimens

The process of fixing consists of killing an animal rapidly so that the specimen
can retain their original shape, and also to prevent postmortem decay (autolysis
and tissue degradation) (Huber, 1998; Pollock, 1998). Preservation is also
required to protect and maintain the fixed-specimens from any degradation

prior to further analysis (Huber, 1998; Martin, 2004; Pollock, 1998).

According to Rosenberg (2005), samples should be preserved using more than
one method where one approach is optimal for morphologyical studies while
the other is optimal for genetic analysis. This is due to different fixative and
preservative have different levels of effectiveness when preserving specimens
for morphological analysis vs DNA for genetic analysis. For example, formalin
and ethanol are the preferred fixative and preservative for marine invertebrates
(Pollock, 1998), but formalin is more effective than ethanol for preserving
specimens for morphologyical analysis (Zimmermann et al., 2008) while an
ethanol concentration of 95% or above is best for preserving DNA for genetic
analysis (Rosenberg, 2005). Formalin is not suitable however for both fixing
and preservation of crustaceans as it erodes the cuticle (Huber, 1998) and
formalin preserved specimens often causes problems with DNA extraction,
Polymerase Chain Reaction (PCR) and DNA sequencing due to DNA shearing
(Diaz-Viloria et al., 2005; Zimmermann et al., 2008). Thus, it is suggested that
fixing and preservation of crustaceans are done simultaneously, in which the
live specimens are directly placed into 70-90% ethanol (Huber, 1998). A
concentration of 95% or above is preferred for DNA sequencing, but

concentrations above 80% may harden a specimen’s tissues and cause them to
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become brittle and difficult for morphological examination (Rosenberg, 2005).
An ethanol concentration of 70% is preferred therefore for preserving both
physical structure and DNA (Beaumont and Croucher, 2006; Dawson et al.,
1998). As fluids within the specimen’s tissues seep out during preservation, a
ratio of at least 3:1 (3 parts of ethanol to 1 part of crustacean) is suggested to

avoid excessive dilution (Martin, 2004; Rosenberg, 2005).

2.3 Length-Weight Relationships (LWRs)

Length-Weight Relationships (LWRs) are used to describe the relationships
between length and weight mathematically, so that when one is known, the
other can be predicted (Hile, 1936; Le Cren, 1951). Under field conditions,
length measurements can be easier than weighing, due to wind and boat
movement (Kimmerer et al., 2005). Thus, weight may be estimated from the
length, if the LWR is known (Jobling, 2002; Martin-Smith, 1996). In addition,
LWR is essential for estimating production and standing stock biomass from
length (Anderson and Neumann, 1996; Binohlan and Pauly, 2000; Kimmerer
et al., 2005), allows for conversion of growth-in-length equations to growth-in-
weight for stock assessment (Le Cren, 1951), and to calculate indices of
condition, i.e., indicators of general “well being” or “fatness” of an the aquatic
species (Anderson and Neumann, 1996; Bolger and Connolly, 1989; Jobling,
2002; Jones et al., 1999; Le Cren, 1951; Richter et al., 2000; Safran, 1992). In
addition, data on length and weight are also useful for life-history and
morphological comparisons among populations of the same species or
comparisons between species (Ecoutin et al., 2005; Morato et al., 2001; Oliva-

Paterna et al., 2009; Petrakis and Stergiou, 1995; Stergiou and Politou, 1995).
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2.3.1 Parameter estimation

Generally, the relationship between length (L) and weight (W) can be
expressed by the equation: W = al’ (Pauly, 1984; Schneider et al., 2000),
where a and b are the parameters. Parameters @ and b can be estimated using
least squares linear regression on log-log transformed data: logW = loga +

blogL (Pauly, 1984; Schneider et al., 2000).

2.3.1.1 Parameters a and b

Parameter « is the coefficient of the arithmetic form (W = aL”) of LWR, and
the intercept of the logarithmic form (logW = loga + blogL) (Froese, 2006).
Parameter b is the exponent of the arithmetic form and the slope of the

regression line in the logarithmic form (Froese, 2006).

The value of b normally falls between 2.5 and 3.5 (Binohlan and Pauly, 2000;
Pauly, 1984). From this, if the b value is equal or not significantly different
from 3, it indicates isometric growth (i.e., the shape does not change as the
individual grows, or small individuals have the same shape and condition as
large individuals). If however, the b values differ significantly from 3, it
indicates either positive (b > 3) or negative (b < 3) allometric growth. Positive
allometric growth (A+) either indicates that large specimens have increased in
height or width more than in length (specimens become “plumper”) due to
large specimens in the sample being in better condition than small ones.
Negative allometric growth (A-) indicates either that specimens have become
more elongated (or “slimmer”) with increase in length, or small specimens

were in better nutritional condition at the time of sampling (Anderson and
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Neumann, 1996; Froese, 2006; Froese and Pauly, 2011; Jobling, 2002).
Therefore, some indication of the condition of the population can be obtained
from the LWRs. On the other hand, values of b < 2.5 or b > 3.5 are often
derived from samples with narrow size ranges (Froese, 2006; Froese and Pauly,
2011), or indicate an over-proportional increase in length relative to growth in
weight and an over-proportional increase in weight relative to growth in length,

respectively (Froese, 2006).

As suggested by few authors, the parameters a and b vary with the size range
of the sample (Froese and Pauly, 2011). Thus, the use of LWR should strictly
be limited to the size range applied when estimating regression parameters
(Benedito-Cecilio et al., 1997; Dul¢i¢ and Kraljevi¢, 1996; Froese and Pauly,
2011; Gongalves et al., 1997; Morey et al., 2003; Muto et al., 2000; Petrakis
and Stergiou, 1995; Xu and Abdul Ghaffar, 1995). Additionally, a number of
factors are known to influence length or weight, including growth phase,
season, stomach contents, maturity, sex, health and general fish condition and
preservation techniques (Ajah and Nunoo, 2003; Froese, 2006; Kohler et al.,
1995; Pauly, 1984; Tesch, 1971; Wetzel et al., 2005), that can directly
influence the LWR parameters. The b value results from combined effects of
one or more of the unaccounted factors. In the case of shrimps, significant
differences in the length-weight relationship among sexes, species, seasons,
sampled location and growth phase have been reported (Anderson and Lindner,
1958; Anger and Moreira, 1998; Cartaxana, 2003; Chu et al., 1995; Colloca,

2002; Company and Sarda, 2000; Papaconstantinou and Kapiris, 2003; Pérez-
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Castafieda and Defeo, 2002; Primavera et al., 1998; Siegfried, 1980;

Tosunoglu et al., 2007; Watson and Keating, 1989).

2.3.1.2 R’ coefficient of determination

The coefficient of determination (Rz), which is the correlation coefficient
squared (Pauly, 1984) was also estimated here. According to Motulsky and
Christopoulus (2003), the value R’ quantifies goodness of fit. R’ is a fraction
between 0.0 and 1.0, and has no units. R’ can be interpreted from nonlinear
regression very much like interpreting 7 from linear regression. An 7 value of
0.0 means that knowing X does not help in predicting Y, and there is no linear
relationship between X and Y (Figure 2.8); when 7* equals 1.0, all points lie
exactly on a straight line with no scatter (Figure 2.8) and knowing X allows Y

to be predicted perfectly (Motulsky and Christopoulos, 2003).

In addition, where F' is significant (P < 0.05) in the analysis of variance
(ANOVA), the R’ is significantly different from zero. This means that one can
assume there is a linear relationship between the predictor and the dependent
variables and that the regression equation allows you to predict the dependent

variable at greater than chance level (Foster, 2001)

r=0.0 F=05 F=1.0
] .. J'
] . %ﬁ/ﬁ‘.
| .t "ll'l ' u

Figure 2.8: A measure of goodness-of-fit of linear regression, 7 (Motulsky and
Christopoulos, 2003).
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2.4 Length-Length Relationships (LLRs)

Length-Length Relationships (LLRs) is the relationship between different
types of lengths (e.g., CL vs. TL). LLRs linking first length type (L;) and
second length type (L,) were determined using the least squares method to fit a
simple linear regression analysis: L; = a + bL, (Binohlan et al., 2000), where a
and b are the parameters. Sometimes, published LWRs are difficult to use, as
they may be based on a length measurement type (e.g., carapace length)
different from length measurements (expressed e.g., as total length). Thus,
Length-Length Relationships (LLRs), which is the relationship between
different type of lengths (e.g., CL vs. TL), is devised to facilitate conversion
between length types (Binohlan et al., 2000; Binohlan and Pauly, 2000).
Besides, LLRs are generally more important in comparative growth studies

(Binohlan et al., 2000; Moutopoulos and Stergiou, 2002).

2.5 Mitochondrial DNA (mtDNA)

Animal mitochondrial DNA (mtDNA) is generally a small (15-20 kb) and
circular genome containing 37 genes: 13 protein subunits of the enzymes of
oxidative phosphorylation, 2 ribosomal RNA (rRNA) gene, and 22 transfer
RNA (tRNA) genes (Boore, 1999) that code for subunits of enzymes
functioning in electron transport, ATP synthesis or other proteins. It is popular
as a genetic marker in population and evolutionary biology for several reasons:
high copy number, maternal inheritance, lack of recombination, and a
generally higher mutation rate than found in nuclear DNA (Avise et al., 1987;
Harrison, 1989; Mitton, 1994; Moritz et al., 1987; Wilson et al., 1985). The

relatively high copy number of mitochondria in tissues makes extraction of
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mtDNA easier (Galtier et al., 2009; Moritz et al., 1987; Toon et al., 2009).
Maternal mode of inheritance and lack of recombination result in an effective
population size for mtDNA that is smaller than that of nuclear DNA (nDNA)
(Moritz et al., 1987). Thus, mtDNA is more sensitive to change in population
size than are nuclear genes (Wilson et al., 1985). Lack of recombination and
maternal inheritance also simplify phylogeny reconstruction using mtDNA.
Furthermore, some mtDNA genes evolves 5-10 times faster than the majority
of genes encoded in the nuclear genome (Brown et al., 1979), this has led to its
widespread use as a genetic marker for population-level studies (Moritz et al.,

1987).

2.6 Cytochrome c Oxidase Subunit I (COI) Gene

Cytochrome ¢ oxidase is the terminal enzyme in the respiratory chain of
mitochondria and aerobic bacteria. It catalyzes electron transfer from
cytochrome ¢ to molecular oxygen, reducing the latter to water (Michel et al.,
1998; Richter and Ludwig, 2003). In this process, the generation of
transmembrane electrochemical gradient will drive ATP synthesis (Michel et
al.,, 1998; Richter and Ludwig, 2003). Cytochrome ¢ oxidase contains 13
subunits coded by both nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA): three large subunits (I, II, III) are coded in the mitochondrial
genome, and the rest are coded the in nuclear genome (Capaldi, 1990). Among
the three cytochrome ¢ oxidase coding genes, cytochrome ¢ oxidase subunit |

(COI) gene is the most conserved (Hwang and Kim, 1999).
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According to Hwang and Kim (1999, p. 215), “The highly conserved
molecular markers and/or gene regions are useful for investigating
phylogenetic relationships at higher categorical levels (deep branches of
evolutionary history). On the other hand, the hypervariable molecular markers
and/or gene regions are useful for elucidating phylogenetic relationships at
lower categorical levels (recently diverged branches)”. The appropriate
categorical levels of commonly used molecular markers or gene regions in
rDNA and animal mtDNA are shown in Figure 2.9. The COI is highly variable
among species, thus making it a good candidate at lower levels (Toon et al.,
2009) and has been proven to be useful in examining both phylogenetic
relationships (at the species level) and population genetic variation among
populations within species of decapod crustaceans (Baldwin et al., 1998§;
Garcia-Machado et al., 2001; Harrison and Crespi, 1999; Khamnamtong et al.,
2009; Machordom and Macpherson, 2004; Roldan et al., 2009; Shank et al.,

1999; Trontelj et al., 2005).

Kingdom Phylum Class Order Family Genus Species Population

Nuclear rDNA
SSU (16-183)
LSU (23-28S) -
5.88
IGS
ITS
MtDNA
rDNA
12S
168 —
Protein
Coding genes
NDL e —————————————
NDZ e e —— = —
COL e —————————————
COII e e ————————————
Cyth e ———————————
Control region
Gene arrangement -

Figure 2.9: Applicable categorical levels of each molecular marker or gene
region in tDNA and mtDNA. The bold lines indicate mainly applicable
categorical levels of each molecular marker or gene region while dotted lines
indicate less frequently applicable categorical levels (Hwang and Kim, 1999).
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2.7 Nuclear Mitochondrial Pseudogenes (Numts)

Numts have been reported in a variety of organisms , including domestic cat
(Lopez et al., 1994), birds (Sorenson and Quinn, 1998), humans and great apes
(Thalmann et al., 2004) and crustaceans (Williams et al., 2002; Williams and
Knowlton, 2001). They are known to be the copies of mtDNA fragment
incorporated into the nuclear genome (Bensasson et al., 2001; Thalmann et al.,
2004; Zhang and Hewitt, 1996) that can be easily coamplified with the
mitochondrial orthologue by a conserved universal primer. Consequently, this
may lead to incorrect species identification and an overestimation of the

number of species (Song et al., 2008).

Symptoms of Numts contamination include, (1) PCR amplification that
constantly produces more than one band or different bands, (2) sequence
ambiguities (particularly if they are polymorphic sites, or if they are
encountered when sequencing from both strands), double peak or background
noise in sequence chromatogram, (3) unexpected insertions or deletions,
frameshift mutation or stop codons, (4) nucleotide sequences obtained are
radically different from those expected, or (5) phylogenetic analysis yields an
unusual or contradictory tree topology (Bensasson et al., 2001; Song et al.,
2008; Zhang and Hewitt, 1996). However, Numts can be avoided by purifying
mitochondria before DNA extraction, long PCR amplification, using tissue that
is rich in mtDNA relative to nuclear DNA, or by using taxon specific primers

in PCR (Bensasson et al., 2001; Song et al., 2008; Sorenson and Quinn, 1998).
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2.8 Patterns of Genetic Variation

In the marine environment, species with a planktonic larval phase are expected
to possess a higher levels of dispersal potential and thus lower levels of genetic
differentiation compared with species with direct or non-planktonic
development (Arndt and Smith, 1998; Bernardi, 2000; Collin, 2001; Dufty,
1993; Hellberg, 1996; Hoskin, 1997; McMillan et al., 1992; Palumbi, 1992;
Teske et al., 2007; Wilke and Davis, 2000). However, accumulated evidence
has shown that marine species in general, are more genetically structured than
predicted despite their high dispersal potential (Bay et al., 2004; Benzie, 1999;
Benzie and Williams, 1997; Bird et al., 2007; Briggs, 1999; Palumbi, 1997;
Richards et al., 2007). Thus, even while possession of a pelagic larvae phase
provides a potential means of dispersal, successful migration of individuals is
heavily dependent on whether the dispersing larvae can successfully survive,

settle, mature, and then reproduce in the new environments (Hedgecock, 1986).

Several factors limiting actual movement by marine organisms with high
dispersal potential have been reviewed: species, life-history traits, habitats,
geographical distance, local environmental feature (temperature, salinity),
ocean conditions and drafting processes (Azuma et al., 2008; Benzie et al.,
2002; Brooker et al., 2000; Bulhoes Arruda et al., 2009; Diaz-Jaimes et al.,
2006; Donald et al., 2005; Gusmao et al., 2005; Khamnamtong et al., 2009;
Palumbi, 1994; Pellerito et al., 2009; Tzeng et al., 2004; Zhan et al., 2009;
Zitari-Chatti et al., 2009). These factors may have significant effects on
dispersal potential of marine organisms. As an example, a significant

correlation was observed between the genetic distance and geographical
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distance in a study by Khamnamtong et al., (2009). Thus, the observed
population structure in giant tiger shrimp, Penaeus monodon may be explained
by the isolation by distance model (or geographical distance). On the other
hand, Farfantepenaeus notialis collected from Batabano and Ana Maria Gulfs
(that are less than 15 km apart), showed significant population differentiation
which could might be explained by the presence of the Calzones Gulf (the
deepest in Cuba) that prevent the movement of larvae and adults (Garcia-
Machado et al., 2001). More importantly, the population genetic structure may
reflect historical gene flow that have produced present-day patterns of
distribution and connectivity among populations rather than ongoing gene flow

(Benzie, 1999; Palumbi, 1997).

2.9 Demographic History

For tropical marine species, one of the primary impacts of Pleistocene-era
environmental fluctuation was the effects of sea levels dropping to 120 m
below present during glacial maxima (Voris, 2000). This was particularly
strong in tropical areas (i.e., Indo-Australian Archipelago, IAA that are
characterized by broad, shallow continental shelves that become exposed
during low sea-level stands). As an example in Southeast Asia, parts of the
Sunda Shelf was exposed when the sea-level dropped to about 120 m below
the present sea-level (i.e., during the last-glacial maximum, around 18,000—
20,000 years ago) (Hanebuth et al., 2000). In addition, Pleistocene sea-level
fluctuations closed the Torres, Sunda and Malacca straits in the IAA more than
10 times over the past million years (Pillans et al., 1998), and on seven

different occasions during the past 150,000 years alone (Voris, 2000).
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These rapid changes in Pleistocene sea-levels allowed for restriction and
expansion in species worldwide, that directly affecting population distributions
and demographics (Hewitt, 2000; Hewitt, 1996), produced cycles of genetic
isolation, secondary contact, and subsequent merging (Benzie, 1999). The
species whose populations have been subject to the effects of such cycles may
exhibit genetic signals characterised by high genetic diversities and/or complex
geographical structures (Grant and Bowen, 1998). As in Grant and Bowen
(1998), different combinations of small and large values for haplotype
diversity (/) and nucleotide diversity () may indicate four different categories
of demographic histories (Figure 2.10). The value of 4 varies between 0—1.0; 7

varies between 0 (no divergence) to over 10% for very deep divergence.

The first category consists of species with small values of # < 0.5 and 7 <
0.5%). Recent population bottlenecks or founder events by single or a few
mtDNA lineages are responsible for the low levels of genetic diversity
(Atlantic cod, Carr et al., 1995; Atlantic cod, Pogson et al., 1995; Beaugregory
damselfish, Shulman and Bermingham, 1995). The second category includes
species with high 4 and low 7 (A > 0.5 and 7 < 0.5%). This condition is
attributed to population expansions event after a period of low effective
population size caused by bottlenecks. This has been found in several other
studies (six bar wrasse, Chen et al., 2004; European eel, Daemen et al., 2001;
fleshy prawn, Kong et al., 2010; neon damselfish, Liu et al., 2008; red shrimp,
Maggio et al., 2009; caramote prawn, Pellerito et al., 2009; black-spot sea
bream, Stockley et al., 2005). Many of these species are believed to have

originated in the Pliocene or early Pleistocene, but their mtDNA genealogies
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coalesce at a more recent time scale, perhaps during the last few hundred
thousand years. A third category consists of species with low % and high z, and
characterizes populations with a few highly divergent haplotypes. This may
result from secondary contact between isolated populations or by a strong
bottleneck in a formerly large, stable population (Bermingham and Avise,
1986; Burton, 1986; Planes and Doherty, 1997). The fourth category consists
of populations with large values of both /# and z. The high level of divergence
between haplotypes may be attributed to secondary contact between previously
differentiated allopatric lineages (round mackerel, Borsa, 2003; trumpet worm,
Jolly et al., 2004; cuttlefish, Kassahn et al., 2003; false clownfish, Nelson et al.,
2000; scad mackerel, Perrin and Borsa, 2001; swimming crab, Pfeiler et al.,
2005; scad mackerel, Rohfritsch and Borsa, 2005; ray-finned fish, Wang et al.,
2008) or to a long evolutionary history in a large stable population (horse
mackerel, Comesafia et al., 2008; red snapper, Garber et al., 2004; shovelnose
guitarfish, Sandoval-Castillo et al., 2004; Japanese Spanish mackerel, Shui et

al., 2009; redlip blenny, Shulman and Bermingham, 1995).

h
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single or a few and accumulation of
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tween geographi- tion with long evolu-
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populations. secondary contact

between differentiat-
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Figure 2.10: Interpreting haplotype and nucleotide diversities (sensu Grant and
Bowen, 1998).

33



CHAPTER 3.0

MATERIALS AND METHODS

3.1 Specimens

Acetes shrimps were sampled from in-shore catches using push-nets and
trawling activities at sea more than 5 nautical miles (nm) off-shore along the
west coast of Peninsular Malaysia (Figure 3.1), from August 2007 to
September 2008. A Global Positioning System (GPS) was used to indicate the

geographical position of each sampling location (Table 3.1, Figure 3.2).

Figure 3.1: Sampling techniques used in this study: (a) push-net (b) trawling.
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Table 3.1: Sampling locations of Acetes spp. collected along the west coast of Peninsular Malaysia.

State Sampling location (Abbreviation) Latitude Longitude Sampling method
Kedah Sungai Kubang Badak (SGKB) 6°23'58.75"N 99°43'32.21"E In-shore
Pulau Pinang Teluk Bahang (TBHG) 5°27'36.91"N 100°12'44.51"E In-shore
Perak Kuala Kurau (KK) 5°0'11.41"N 100°25'22.47"E In-shore
Perak Kuala Gula (KG) 4°55'0.35"N 100°27'39.54"E In-shore
Perak Kuala Sepetang (KS) 4°51'12.23"N 100°32'9.53"E In-shore
Perak Sungai Tiang (SGT) 3°55'9.28"N 100°36'15.02"E Off-shore
Perak Bagan Pasir Laut (BPL) 3°49'11.80"N 100°41'4.16"E Off-shore
Perak Bagan Lipas (BL) 3°45'48.83"N 100°44'18.62"E Off-shore
Selangor Teluk Rhu (TR) 3°42'47.86"N 100°45'11.12"E Off-shore
Selangor Sekinchan (SKC) 3°26'42.08"N 100°54'39.76"E Oft-shore
Selangor Tanjong Karang (TKR) 3°19'48.37"N 101°2'20.32"E Oft-shore
Malacca Portuguese Settlement (PSETT) 2°10°57.14”°N 102°15°57.91E In-shore
Johor Pulau Kukup (PKKP) 1°19'5.39"N 103°26'37.77"E In-shore
Johor Sungai Kapal (SGK) 1°20'51.04"N 104°13'12.94"E In-shore
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Figure 3.2: Map of Peninsular Malaysia showing the 14 locations (*) where
Acetes were sampled for this study. The sampling locations are — SGKB:
Sungai Kubang Badak; TBHG: Teluk Bahang; KK: Kuala Kurau; KG: Kuala
Gula; KS: Kuala Sepetang; SGT: Sungai Tiang; BPL: Bagan Pasir Laut; BL:
Bagan Lipas; TR: Teluk Rhu; SKC: Sekinchan; TKR: Tanjong Karang;
PSETT: Portuguese Settlement; PKKP: Pulau Kukup; SGK: Sungai Kubang
Badak.
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3.2 Preservation of Specimens

The specimens were stored in 70% ethanol (Beaumont and Croucher, 2006;
Dawson et al., 1998) at a ratio of 3:1 (i.e., three parts of ethanol to one part of
crustacean; Martin, 2004) for subsequent morphometric and DNA analyses.
The 70% ethanol was prepared by diluting absolute ethanol (HmbG Chemicals,
Germany) with deionised water (King and Porter, 2004). The specimens were

then transported to the laboratory for further analysis.

3.3 Species and Sexes Identification

In the laboratory, species and sex of Acetes shrimp were identified under a
Leica dissecting microscope (Leica ZOOM 2000™, Model No. Z45V,
Germany). Identification was done by using the key characters detailed in
Table 3.2 and Table 3.3 (Omori, 1975b), with the help of a number of figures

(Figure 3.3-3.6)

Table 3.2: Key to the sexes of genus Acetes.

Sex

A pair of protuberances (genital coxae) between third pereiopods and first pleopods.
Lower antennular flagellum with 1- 2 clasping spines or modification thereof.
Petasma present on first pleopods ......o.ovviiiiiiiiiiii e Male

No protuberance in genital area. Lower antennular flagellum without spine. Petasma
ADSEINL ..o Female
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Table 3.3: Key to the species of the genus Acetes.

Males
1 Anterior margin of genital coxa rounded. Petasma without pars astringen ..................... 2
Anterior margin of genital coxa pointed. Petasma with pars astringens ........................ 9
2 Rostrum without or with only 1 denticle behind terminal point. Lower antennular flagellum
without large clasping SPINe .........o.eiuiuiinitiit i 3
Rostrum with 2 denticles behind terminal point. Lower antennular flagellum with 1-2
o E Ty oYy o) ' T Pt 4
3 Rostrum with 1 denticle behind terminal point ..................ccceeiiiinn.... A. americanus
Rostrum without any denticles behind terminal point ................ccccvveeenee... A. binghami
4 Procurved tooth present between bases of first pair of pleopods. Lower antennular flagellum
With 1 clasping SPINe .......oueeiniii ettt e e e A. indicus
Procurved tooth absent. Lower antennular flagellum with 2 clasping spines .................. 5
5 Lower antennular flagellum with triangular projection from upper end of first segment of
MAIN DrANCh ... 6
First segment of main branch of lower antennular flagellum without triangular
PTOJECHION ... tieiieiieieiieie et ettt ettt et ettt ete et esbesbeets e essessesseeseesseseansasteeseeseaseensensassennsee s ese s .8
6 Petasma with processus ventralis; capitulum cylindrical and elongated .......... A. natalensis
Petasma without processus ventralis; capitulum expanded on outer margin .................. 7
7 Capitulum of petasma with large ventral projection at right angles to long axis of pars
100154 2 PR A. johni
Capitulum of petasma without ventral projection; broad end cut off transversely and armed
With 11arge hooK ......oneiei A. serrulatus
8 Distal expanded part of capitulum of petasma cucumber-shaped; much longer than basal
part of capitulum. Endopod of uropod with 4 — 8 red Spots ........cccevererveeceeenn A. chinensis
Distal expanded part of capitulum of petasma bulb-like; proportionally shorter than basal
part of capitulum. Endopod of uropod with 1 red spot ..............cceveveiini.n. A. japonicus
9 First segment of main branch of lower antennular flagellum with large swelling; clasping
spine not reaching end of second segment of main branch. Apex of telson rounded or
L0 Ter2 1T« 10
First segment of main branch of lower antennular flagellum with small swelling; clasping
spine extending beyond end of second segment of main branch. Apex of telson
TIANGUIAT ... e e 11
10 First segment of antennular peduncle longer than second and third segments combined.
Petasma with rudimentary capitulum ...............ccoooiiiiiiiiiiiii . A. paraguayensis
First segment of antennular peduncle shorter than second and third segments combined.
Petasma without capitulum ...............cooeviiiieiieieeieeeceieeeceeeeesieen e e .. Ao MIGFIRUS
11 Procurved tooth present between bases of first pair of pleopods ............cccevviiiinin.n 12
Procurved tooth abSent ...........cocviiiiiiiiiiiiiiiiiii i e e aen 13
12 First segment of antennular peduncle shorter than second and third segments combined.
Capitulum of petasma with 3—5 subequally large hooks along outer margin ... A. intermedius
First segment of antennular peduncle longer than second and third segments combined.
Capitulum of petasma with 1 large hook along outer margin ........c..cccceceruenene. A. erythraeus
13 Lower antennular flagellum with 12 segments or less. Capitulum of petasma with 1 large

and often 1 small hook along outer margin ..................oooeiiiiiiiiiiiiinian A. sibogae
Lower antennular flagellum with 17 segments or more. Capitulum of petasma with 3 large
hooks along outer Margin ............co.oeieiiiii e A. vulgaris
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Table 3.3 continued: Key to the species of the genus Acetes.

Females
1 Rostrum without denticle behind terminal point .................ooiiiiiiiiii. A. binghami
Rostrum with 1 denticle behind terminal point .....................oooiiin.. A. americanus
Rostrum with 2 denticles behind terminal point ................coooiiiiiiiiiiii, 2
2 Apex of telson rounded or truncated ...........coovuiiiiiiiii e 3
Apex of telson trianguIar ............o.oiit it 9
3 Third thoracic sternite produced posteriorly .............ooviiiiiiiiiiiiiiii e, 4
Third thoracic sternite not produced posteriorly ..............oooviiiiiiiiiiiiiiiie e 7
4 Third thoracic sternite with paired protuberances. Exopod of uropod broad; 3.3 — 3.9 times
a8 10Ng as Broad ..ot e D
Third thoracic sternite without protuberances. Exopod of uropod slender; 4.2 — 4.7 times
a8 10NZ as Droad ..ot e 6
5 Coxa of third pereiopod with large acute tooth ....................ooiins A. paraguayensis
Coxa of third pereiopod with small blunt tooth ....................cociiiiiiii.. A. marinus
6 Emargination of posterior margin of third thoracic sternite deep; endopod of uropod with
4 — B TCA SPOLS ettt ettt e e A. chinensis
Emargination of posterior margin of third thoracic sternite shallow; endopod of uropod
WIith 1 1€d SPOL ..ot A. japonicus
7 Tooth absent on distal inner margin of coxa of third pereiopod ................. A. natalensis
Tooth present on distal inner margin of coxa of third pereiopod ..................coinnne. 8
8 Anterior margin of fourth thoracic sternite pointed laterally; median part broadly
BIOOVEA ..ttt et A. johni
Anterior margin of fourth thoracic sternite smooth and convex ................. A. serrulatus
9 Procurved tooth present between bases of first pair of pleopods .............ccevvivinn.... 10
Procurved tooth absent ............ooveiiiuiiiii i 12
10 Inner margin of basis of third pereiopod with sharply pointed projection. Third and fourth
thoracic sternites deeply channelled longitudinally ........................col A. indicus
Inner margin of basis of third pereiopod without sharply pointed projection. Third and
fourth thoracic sternites not channelled longitudinally ..., 11
11 First segment of antennular peduncle at most as long as second and third segments
combined. Distal inner margin of basis of third pereiopod ending in blunt
02 LT 51510 1 A. intermedius
First segment of antennular peduncle longer than second and third segments combined.
Distal inner margin of basis of third pereiopod ending without
[ EO ST 516 s B A. erythraeus
12 Lower antennular flagellum with 20 segments or less. Distal inner margin of basis of third

pereiopod ending in projection. A pair of small protuberances on anterior part of third
ThOTACIC SEEIMILE ...uvtt ettt ettt ettt et et e e e e e e e re e e aeeaees A. sibogae
Lower antennular flagellum with 20 segments or more. Distal inner margin of basis of
third pereiopod ending without projection. A pair of large protuberances on anterior part
of third thoracic Sternite .............coviiiiiiiiiii i iiieeseceeeeseeeeeeee e e oo Ao VUlgaris
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Figure 3.3: Diagram of Acetes with parts labelled (a) lateral view of a male
Acetes. AM, appendix masculina; AF, antennal flagellum; AP, antennular
peduncle; AS, antennal scale; CH, chela; CR, cornea; End, endopod; ES, eye
stalk; Exp, exopod; GC, genital coxa; HS, hepatic spine; LF, lower flagellum;
Mzxpd, maxilliped; PT, procurved tooth; R, rostrum; RPS, red pigment spots;
UF, upper flagellum (Omori, 1975b) (b) a pair of protuberance (genital coxae)
in Acetes (c) lower antennular flagellum of Acetes (male) (d) the example of
petasma without pars astringens in Acetes (male) (e) example of petasma with
pars astringens in Acetes (male) (f) apex of telson rounded or truncated in
Acetes (g) apex of telson triangular in Acetes (h) third thoracid sternite
produced posteriorly in Acetes (female) (i) third thoracid sternite not produced
posteriorly in Acetes (female) (Chan, 1998).
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Acetes Acetes americanus A. binghami A. chinensis
americanus americanus
carolinae

/< -
|
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|
A. erythraeus A. indicus A. intermedius A. japonicus

A. marinus A. natalensis A. paraguayensis A. serrulatus

<

A. sibogae sibogae A. sibogae australis A. vulgaris A. johni

Figure 3.4: Examples of the petasma in the males of Acetes (Omori, 1975b).
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Figure 3.5: Examples of the lower antennular flagellum in the males of Acetes
(Omori, 1975b).
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Acetes americanus carolinae Acetes americanus A. binghami
americanus

A. chinensis
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A. natalensis A. paraguayensis A. serrulatus

A.sibogae sibogae A. sibogae australis A. vulgaris

Figure 3.6: Examples of the third thoracic sternite in female Acetes (Omori,
1975b).
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3.4 Morphometric Data Collection

A total of 1112 specimens from various sampling locations (Table 3.4) were
measured using a dissecting microscope. Three morphometric measurements
were obtained: total length (TL; Figure 3.7), carapace length (CL; Figure 3.7)
and wet weight (WW). TL was measured along the dorsal surface from the
anterior tip of the rostrum to the posterior end of the telson (Amin et al., 2009c¢;
Amin et al., 2009d; Arshad et al., 2007; Arshad et al., 2008) to the nearest
hundredth of a millimetre (0.01 mm) using a digital calliper. CL was measured
as the shortest distance between the posterior margin of the orbit and the mid-
dorsal posterior edge of the carapace (Amin et al., 2008b; Oh and Jeong, 2003;
Oh et al., 2002), to the nearest hundredth of a millimetre (0.01 mm) using a
digital calliper. Lastly, the shrimps were weighed after they were removed
from ethanol and blotted dry on paper towels (Kuun et al., 1999; Oh et al.,
1999). WW was then measured using an analytical balance (Adventurer™

Balances, Ohaus, USA) of 0.1 mg accuracy.

Table 3.4: The number of specimens (n) from the sampling locations used in
the morphometric analyses.

Sampling locations (Abbreviation) n
Sungai Kubang Badak (SGKB) 53
Teluk Bahang (TBHG) 52
Kuala Kurau (KK) 35
Kuala Gula (KG) 53
Kuala Sepetang (KS) 0*
Sungai Tiang (SGT) 200
Bagan Pasir Laut (BPL) 200
Bagan Lipas (BL) 100
Teluk Rhu (TR) 50
Sekinchan (SKC) 100
Tanjong Karang (TKR) 100
Portuguese Settlement (PSETT) 40
Pulau Kukup (PKKP) 74
Sungai Kapal (SGK) 55
Total 1112

*Sample collected in this study but not able to obtain measurements.
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Figure 3.7: Measurements of total length (TL) and carapace length (CL) of
Acetes.

3.5 Morphometric Data Analysis

Morphometric data analyses were performed using the Statistical Package for
the Social Sciences (SPSS) version 16.0. Descriptive statistics such as mean
and standard deviation (S. D.) of each morphometric measurement were
calculated. Prior to Independent Samples #-test (i.e., to compare the means of
each measurement between sexes, and between in-shore and off-shore samples)
and ANOVA (i.e., to compare the means of each measurement among species),
the assumption of normality was evaluated using either Kolmogorov-Smirnov
(K-S) or Shapiro-Wilks (S-W) W tests. The S-W W test was used when the
sample size was less than 50, K-S test was used when there is 50 or more
samples (Foster, 2001; O'Donoghue, 2010). In this study, the assumption of
normality was violated, thus, non-parametric tests including Mann-Whitney
U-test and Kruskal-Wallis H-test were used, respectively (Landau and Everitt,
2004; Leech et al., 2005; Marques de Sa, 2007; Morgan et al., 2004). If
Kruskal-Wallis H-test was significant, pairwise comparisons among the

groups was examined using Mann-Whitney U-test (Corder and Foreman, 2009)
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with Bonferroni correction (Bland and Altman, 1995). As six comparisons
were conducted, a Bonferronic corrected P-value of 0.0083 was used to
determine significance based on an uncorrected P-value of 0.05. In addition,
the size-frequency distribution of each measurement was plotted. Overall sex
ratio (males: females) for each Acefes species was estimated and Chi-square
test was employed to determine the differences in the occurrence of males and

females over the sampling period.

3.6 Length-Weight Relationships (LWRs) and Length-Length
Relationships (LLRs)

The relationship between length and weight was established by: W = 4L’
(Pauly, 1984; Schneider et al., 2000), where W is the weight, L is the length, a
and b are the parameters. In this study, W was the Wet Weight (mg), and L
was either the total length (TL, mm). Both the TL (independent variable) and
WW (dependent variable) were log-transformed (Bird and -Prairie, 1985). The
parameters @ and b were estimated by least squares linear regression on log-
log transformed data: LogW = Loga + bLogL (Pauly, 1984; Schneider et al.,
2000). The coefficient of determination (R?) and the 95% confidence interval
(CI) values for parameters a and b were estimated as well. The significance of
the regression was evaluated with ANOVA, in order to test the null hypothesis
(Ho: g = 0) that the slope of the regression line was not different from zero
against the alternative hypothesis (Ha: f # 0), that the slope of the regression

was significantly different from zero.

The null hypothesis of isometric growth, Hy: b = 3 was tested by Student’s #-

test with the following equation: ¢, = (b - 3) / S,, where ¢ is the ¢-test value, b
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is the slope, and S, is the standard error of the slope (), for a = 0.05 (Sokal
and Rohlf, 1987). When the t-test value was greater than the ¢ critical value
(Appendix A; Zar, 1999), the null hypothesis was rejected (Zar, 1999). This
meant that the b value had deviated significantly from 3, and the growth type
would be classified as positive allometric growth (when b > 3) or negative
allometric growth (when b < 3). Conversely, when the #-test value was smaller
than the ¢ critical value, the growth was isometric (b = 3). The normal
distribution (z-test) was also used to test the null hypothesis of isometric

growth (Sokal and Rohlf, 1987).

The length-length relationships (LLRs) linking first length type (L;) and
second length type (L,) were determined by the method of least squares to fit a
linear regression analysis: L; = a + bL, (Binohlan et al., 2000), where a and b
are the parameters of LLR. LLRs between TL and CL were established using a
linear regression analysis of TL = a + bCL. The coefficient of determination
(R?) was estimated, and significance of the regression slope was evaluated

with ANOVA.

3.7 Sample Preparation (DNA Extraction)

For each species that identified morphologically, a minimum of two and a
maximum of 15 individuals (total: 159 individuals) from each sampling
location were used in genetic analyses (Table 3.5). Initially, eight individuals
of each species identified morphologically from each location were used for
DNA extraction. However, due to the small size of the individuals (i.e.,

limited material), some problems were encountered during DNA extraction or
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the subsequent steps (i.e., Polymerase Chain Reactions, sequencing) resulting
in some sampling locations having less than 8 individuals. In the case of 4.
serrulatus, because more unique haplotype was found and in order to explore
more, additional samples were added only for the sampling site that were
sampled twice, which is Sungai Tiang (SGT) and Bagan Pasir Laut (BPL)

each having 14 and 15 individuals respectively.

Ethanol-preserved Acetes specimens were first rinsed with deionised water
and blotted onto tissue paper to eliminate as much ethanol as possible. Muscle
tissue were scraped and transferred into 1.5 ml microcentrifuge tubes, then
finely minced with scissors and tissue incubated at 55 °C for about 2 min to
evaporate any extra ethanol (Martinez et al., 2006). DNA was then extracted
from 25 g of sample with i-genomic CTB DNA Extraction Mini Kit (iNtRON
Biotechnology, Inc., South Korea), according to the manufacturer’s protocol
(Appendix B) with some minor modifications in Step 8 (i.e., incubation at
room temperature was 20 min instead of 1 min). Finally, the DNA was eluted

in 100 pL of buffer available from the kit (buffer CL) and stored at -20 °C.

Table 3.5: The number of specimens (n) used in the genetic analyses.

Species
ai as aj asi
Sungai Kubang Badak (SGKB) 6
Teluk Bahang (TBHG) 6
Kuala Kurau (KK) 2
Kuala Gula (KG) 5
Kuala Sepetang (KS) 6
Sungai Tiang (SGT)
Bagan Pasir Laut (BPL)
Bagan Lipas (BL)
Teluk Rhu (TR)
Sekinchan (SKC)
Tanjong Karang (TKR)
Portuguese Settlement (PSETT)
Pulau Kukup (PKKP)
Sungai Kapal (SGK)
Total

Sampling locations (Abbreviation)

AN W

Q[N N o0 AN T NI
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3.8 DNA Quantification

Gel electrophoresis was carried out by running 3 pL of eluate mixed with 1 pLL
of 6x loading dye solution (Fermentas) and 1 kb DNA ladder (Vivantis) were
used as band-size markers in each gel. Gel electrophoresis was performed for
45 min at 90V through a 1% agarose gel (1* BASE), in 1x Tris-Borate-EDTA
(TBE) buffer. The quality of the DNA was visualized under U.V. light and the
images were captured using the GeneFlash Gel Documentation System
(Syngene, Cambridge, U.K.). The gel was then stained with ethidium bromide
(EtBr) for 3045 min The quantity of double-stranded DNA was estimated by
measuring the absorbance at 260/280 nm ratio with the SmartSpec™ Plus
Spectrophotometer (Bio-Rad). 60 pL of 1x Tris-EDTA (TE) was used as
blank. The sample used for quantification contained 1 pL of sample DNA that
was mixed with 59 pL of 1x TE, resulting in a 60 times dilution of the DNA

sample.

3.9 Polymerase Chain Reaction (PCR)

Amplification of the 552 bp fragment from the 5’ end of mitochondrial DNA
cytochrome ¢ oxidase subunit I (COI) gene was performed using PCR (Saiki
et al., 1988) with the primer pair LCO1490 (5°-GGT CAA CAA ATC ATA
AAG ATA TTG G-3’) and HCO2198 (5°~-TAA ACT TCA GGG TGA CCA
AAA AAT CA-3’) (Folmer et al, 1994). Each PCR reaction mixture
contained 2.5 uL of 10x PCR buffer (Vivantis), 1.5 mM of MgCl, (Vivantis),
50 uM of each ANTP (Vivantis), 1 unit (U) of Tag polymerase (Vivantis), 0.3
uM of each primer (1* BASE Pte Ltd, Singapore), 2 pL of DNA template (50

ng), and adjusted to a final volume of 25 pL with deionised water. A negative
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control consisting of a template-free reaction was included during all PCR

amplifications to detect contamination.

3.10 PCR Thermal Regime

The PCR of COI gene was performed on an Eppendorf Mastercycler”
Gradient (Eppendorf, Hamburg, Germany) with the following profile: initial
denaturation at 94°C for 60 s; five cycles at 94°C for 30 s, 45°C for 90 s, and
72°C for 60 s; 35 cycles at 94°C for 30 s, 51°C for 90 s, and 72°C for 60 s;
followed by a final extension at 72°C for 5 min (Costa et al., 2007; Hebert et

al., 2003).

3.11 Agarose Gel Electrophoresis

Gel electropheresis of the PCR product was then used to detect the presence of
a single band. Five pL of each PCR product was mixed with 1 uL of 6x
loading dye solution (Fermentas) and 100bp DNA ladder (Fermentas) were
used as band-size markers in each gel. Gel electrophoresis was performed for
45 min at 90 V through a 2% agarose gel (1 BASE), in 1x TBE buffer. The
results were visualized under U.V. light and images were captured using the
GeneFlash Gel Documentation System (Syngene, Cambridge, U.K.) after

staining the gel with ethidium bromide (EtBr).

3.12 Template Purification and Sequencing
Prior to sequencing, PCR products were purified using MEGAquick-spin™
PCR and Agarose Gel DNA Extraction System (iNtRON Biotechnology, Inc.,

South Korea) according to the manufacturer’s protocol (Appendix C). Lastly,
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the PCR product was eluted in 30 pL of buffer available from the kit and

stored at -20 °C. Purified PCR products were out-sourced for sequencing.

3.13 DNA Sequence Alignment and Analysis

DNA sequence chromatograms were viewed with Chromas LITE 2.01
(Technelysium Pty. Ltd., Queensland, Australia). Homology search was carried
out with the Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990;
Altschul et al.,, 1997) available on National Center for Biotechnology
information (NCBI) website (Johnson et al., 2008). Alignments of the COI
sequences were performed with CLUSTAL W (Thompson et al., 1994) in
Molecular Evolutionary Analysis 4 (MEGA4; Tamura et al., 2007). The
aligned nucleotide sequences were then translated into amino acid sequences
based on the invertebrate mitochondrial genetic code (Appendix D) with
EMBOSS Transeq (Rice et al.,, 2000). Sequence variation and base
composition of the COI gene were analyzed using MEGA4 and DnaSP v5
(Librado and Rozas, 2009; Rozas et al., 2003). When homologous sequences
from two individuals differed by one or more than one nucleotide, the

sequences were considered as different haplotypes.

3.14 Nucleotide Substitution Model
Prior to phylogenetic analysis, the best-fit evolutionary model of nucleotide
substitution was chosen using corrected Akaike Information Criterion (AICc;

Hurvich and Tsai, 1989) in jModelTest 0.1.1 (Posada, 2008; 2009).
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3.15 Phylogenetic Analyses

Based on all aligned COI sequences, the phylogenetic relationships among
haplotypes were examined by four different phylogenetic methods to verify
whether alternative topologies were supported by different tree-building
methods. Neighbour-joining (NJ; Saitou and Nei, 1987) and Maximum
Parsimony (MP; Camin and Sokal, 1965) were performed with MEGA4 and
Phylogeny Analysis Using Parsimony (PAUP* 4.0b10; Swofford, 2002),
respectively. Maximum Likelihood (ML; Felsenstein, 1981) and Bayesian
Inference (BI) were performed with PhyML 3.0 (Guindon and Gascuel, 2003)
on the ATGC Bioinformatics platform (http://www.atgc-montpellier.fr/phyml/;
Guindon et al., 2005) and MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003), respectively. Stability of the derived
clusters in phylogenetic trees were assessed by non-parametric bootstrapping
(Felsenstein, 1985) and Bayesian analysis. All the phylogenetic trees were
rooted with Sergestes similis (GenBank Accession Number: DQ882152) as

outgroup and displayed with TreeView 1.6.6 (Page, 1996; 2002).

3.15.1 Neighbour-joining (NJ) Tree

An NIJ tree, based on the Kimura’s Two parameter’s (Kimura, 1980)
substitution model, was constructed using MEGA4. The clustering stability of
the tree topology was verified by 2000 replications of non-parametric

bootstrapping.
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3.15.2 Maximum Parsimony (MP) Tree

MP analyses were conducted by assuming that all the 552 characters were of
the ‘unord’ type and were weighted equally. The most parsimonious trees
(MPTs) were generated using an heuristic search algorithm employing the
tree-bisection-reconnection (TBR) as branch-swapping algorithm, with the
steepest descent option not in effect and the ‘MulTrees’ option in effect. Ten
stepwise random additions of taxa were used and nodes were collapsed when
minimum branch length was zero. Nodal support was evaluated via
nonparametric bootstrap analysis of 1000 replications with 10 random

addition-sequence replicates per bootstrap replicate.

3.15.3 Maximum Likelihood (ML) Tree

ML tree was constructed using PhyML 3.0 (Guindon and Gascuel, 2003;
Guindon et al., 2005). The data set was bootstrapped for 1000 replications
using the parameter calculated by jModeltest: model = HKY 85, number of
substitution types (nst) = 2, proportion of invariable sites (p-invar) = 0.6220,
Transition/Transversion ratio = 4.2197 and gamma vy distribution shape
parameter (o = 1.7320). The starting tree was obtained using the BioNJ
algorithm (Gascuel, 1997) and tree topologies were estimated by Nearest
Neighbour Interchange (NNI; Jarvis et al., 1983) branch swapping
arrangements. To further test if NNI could produce the best topology, Subtree
Pruning and Regrafting (SPR; Hordijk and Gascuel, 2005) and a combination
of NNI + SPR were performed. The program was set to optimize topology and

branch length.
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3.15.4 Bayesian Inference (BI)

The BI analysis was performed with substitution model parameters set to Iset
nst = 6 rates = gamma and all priors were left at default to allow estimation of
the parameters from the data. Each BI anlaysis was conducted three times to
check for consistency of results. Two runs of four Metropolis-coupled Markov
chain Monte Carlo (MCMC) chains each (one cold chain and three heated
chains, default temperature = 0.20) were run for four million generations
(memc ngen = 4000000) and sampled every 1000™ generations (sample freq =
1000). When the average standard deviation of split frequencies between both
simultaneous runs was less than 0.01, 25% of the samples (as recommended
by Ronquist et al., 2005) were discarded as burn-in (sump burnin = 1000). The
remaining trees were used to calculate the posterior probabilities (PP) and to
produce the 50% majority-rule consensus tree after discarding burn-in samples
in each analysis. Probabilities of 95% or higher were considered significant
support. The mean, variance, and 95% credibility intervals were calculated

from the set of substitution parameters.

3.16 Pairwise Genetic Distance and Time of Divergence

The pairwise genetic distances within and among the four Acefes species were
calculated based on Kimura’s Two Parameter’s (K2P) substitution model. In
this study, the range of divergence time in Acefes was estimated based on the
minimum and maximum COI divergence rates that had been reported for
decapod crustaceans on K2P distances: 1.40-3.00% per million years
(Baldwin et al., 1998; Knowlton et al., 1993; Knowlton and Weigt, 1998;

Schubart et al., 1998).
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3.17 Intraspecific Analyses
3.17.1 DNA Polymorphisms
DNA polymorphisms from COI data were computed using DnaSP v5
according to the following features: segregating sites (S), the number of
haplotypes (Nhap), haplotype (gene) diversity (4; Nei, 1987), and nucleotide

diversity, Pi (z; Nei, 1987).

3.17.2 Haplotype Network

Haplotype network was constructed using the TCS 1.13 software (Clement et
al., 2000) which employs a 95% statistical parsimony method (Templeton et
al., 1992). The input data consisted of individual COI sequence. This program
collapsed the sequences into haplotypes and produced a network linking
unique haplotypes. It provided a 95% plausible branch connection between
unique haplotypes, i.e., it calculated the number of mutational steps by which
pairwise haplotypes differ and computed the probability of parsimony for

pairwise differences until the probability exceeded 0.95.

3.17.3 Analysis of Molecular Variance (AMOVA) and Pairwise @gy

The population structure in each species was examined using AMOVA
(Excoffier et al.,, 1992) in Arlequin v3.5 (Excoffier and Lischer, 2010).
AMOVA was used to partition the total genetic variation into its variance
components and to produce @-statistics (@st; Weir and Cockerham, 1984).
Pairwise differences (pairwise @gsr) between pairs of populations were

estimated to examine whether any two populations were genetically different
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from each other. The significance levels of the results of AMOVA and

pairwise @gt were tested by 10,000 permutations.

3.17.4 Mantel Test

When the overall AMOVA was statistically significant, a Mantel test (Mantel,
1967) was performed in XLSTAT v. 2010. 3. 06 (Addinsoft™, New York,
USA) to determine whether there was a relationship between genetic distance
and geographical distance. Genetic distances (i.e. @sr values based on TrN)
were calculated from each pairwise comparison between sampling locations.
Geographical distances were estimated as great circle distance between each

pair of sampling locations. Statistical significance of Mantel test was

determined by 10,000.

3.17.5 Neutrality Tests
Tajima’s D (Tajima, 1989), Fu’s F; (Fu, 1997), and the R, (Ramos-Onsins and
Rozas, 2002) statistic were generated using DnaSP v5. The significance of

these tests was tested statistically using 10,000 coalescent simulations

(Hudson, 1990) as implemented in DnaSP vS5.

3.17.6 Mismatch Distribution Analysis

Mismatch distribution was performed with Arlequin v3.5, and mismatch
figures were created using DnaSP v5. The parameters of the mismatch
distribution or demographic expansion: 0, 6, (before and after the population
growth) and t (time since expansion expressed in units of mutational time)

(Rogers, 1995; Rogers and Harpending, 1992) were estimated using the
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generalized nonlinear least-squares approach (Schneider and Excoffier, 1999),
and their respective 95% confidence intervals (CI) were obtained by
parametric bootstrapping (10000 permutations). The fit between the observed
and expected distributions under population growth was evaluated by the sum
of square deviations (SSD; Schneider and Excoffier, 1999) and Harpending’s

raggedness index (r; Harpending, 1994) with 10,000 bootstrap replicates.

If a unimodal distribution was observed, estimation of the time (¢) since
population expansion could be calculated using the formula: 7 = 2ut (Rogers
and Harpending, 1992), where 7 is the mode of the mismatch distribution,
expressed in units of mutational time, u is the mutation rate of the sequence
under study (such as u = 2uk, where u is the mutation rate per nucleotide and &
is the number of nucleotides of the analyzed fragment) and ¢ is the expansion
time measured in generations. From the estimated average pairwise
sequence divergence rate of COI reported for decapod crustaceans (1.40—
3.00%; Baldwin et al., 1998; Knowlton et al., 1993; Knowlton and Weigt,
1998; Schubart et al., 1998), these rates (i.e., the estimated single-lineage
value for 1z was 0.70 x 10® — 1.50 x 10™®) were used in this study. A generation
time of 0.5 year was assumed for all analyses, based on the studies of

Ikematsu (1953), Lei (1984) and Yasuda et al., (1953).

57



CHAPTER 4.0

RESULTS

4.1 Sexes and Species Identification of Acetes

The bodies of Acetes individuals were translucent or semi-translucent, with
black eyes and several pairs of red pigment spots on the base of the uropod
with additional one(s) on the endopods of the uropods (Figure 4.1). The
specimens were easily identified as Acetes indicus, A. serrulatus, A. japonicus

and A. sibogae, based on the key characters described by Omori (1975b).

Red pigment spot

®

Figure 4.1: The body of Acetes under the Leica dissecting microscope (Leica
Z0OOM 2000™, Model No. Z45V). (a) Semi-translucent body with black eyes
(magnification x5) (b) red pigment spots on the basic of uropod and on the
endopods of the uropods (magnification x10).
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4.1.1 Acetes indicus (Figure 4.2a)

In both males and females of Acetes indicus, the apex of the telson was
triangular (Figure 4.2b) and the rostrum possessed two denticles behind the
terminal point (Figure 4.2c). A procurved tooth was found between the bases
of the first pair of pleopods in both males and females (Figure 4.2d). The
petasma was without pars astringens (Figure 4.2e) and the lower antennular
flagellum with one clasping spine (Figure 4.2f) was only present in males. In
females, the inner margin of the basis of the third pereiopod had a sharply
pointed projection, and, the third and fourth thoracic sternites were deeply

channelled longitudinally (Figure 4.2g).

4.1.2  Acets serrulatus (Figure 4.3a)

The rostrum of 4. serrulatus was had two denticles behind the terminal point,
and the apex of the telson was truncated and bore on either corner a small tooth
in both females and males (Figure 4.3b). In males, two clasping spines and a
triangular projection from the upper end of the first segment of the main
branch of the lower antennular flagellum were observed (Figure 4.3c). Besides,
the petasma did not possess a pars astringen, or a precessus ventralis and the
capitulum of the petasma was without ventral projection; and had one large
hook at the end (Figure 4.3d). The third thoracic sternite was not produced
posteriorly in females. The tooth present on the distal inner margin of the coxa
of the third pereiopod, and the anterior margin of the fourth thoracic sternite

was smooth and convex (Figure 4.3e).
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Figure 4.2: Morphological characters in each sex and species identification of
Acetes indicus (a) body of Acetes indicus (male) (magnification x5) (b) apex of
telson (male) (magnification x10, x50) (c) two denticles behind terminal point
of the rostrum (female) (magnification x25) (d) procurve tooth (male)
(magnification x25, x50) (e) petasma without pars astringens (male)
(magnification x100) (f) lower antennular flagellum (male) (magnification x50)
(g) sharp projection of basis of third pereiopod and, third and fourth thoracic
sternites deeply channeled longitudinally (magnification x100).
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ird thoracic sternite  fourth thoracic sternite

(d) (e)

Figure 4.3: Morphological characters in each sex and species identification of
Acetes serrulatus (a) body of Acetes serrulatus (male) (magnification x5) (b)
apex of the telson (female) (magnification x10, x50) (c) lower antennular
flagellum with triangular projection and two clasping spines (male)
(magnification x50, x100) (d) petasma without pars astringen, without
precessus ventralis and the capitulum of petasma without ventral projection;
with one large hook at the end (male) (magnification x100) (e) third thoracic
sternite not produced posteriorly, tooth present on distal inner margin of coxa
of third pereiopod, and anterior margin of fourth thoracic sternite smooth and
convex (female) (magnification x100).
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4.1.3 Acetes japonicus (Figure 4.4a)

Both males and females of 4. japonicus possessed a rostrum with two denticles
behind the terminal point and the apex of the telson was truncated (Figure
4.4b). In males, the first segment of the main branch of the lower antennular
flagellum was without a triangular projection, and the lower antennular
flagellum had two clasping spines (Figure 4.4c). In addition, the petasma did
not possess a pars astringen, the distal expanded part of the capitulum of the
petasma was bulb-like with numerous hooks (Figure 4.4d). In females, the
third thoracic sternite was produced posteriorly and the emargination of the

posterior margin of the third thoracic sternite was shallow (Figure 4.4¢).

4.1.4 Acetes sibogae (Figure 4.5a)

Both males and females of 4. sibogae possessed a rostrum with two denticles
behind the terminal point, the apex of the telson was triangular (Figure 4.5b)
and a procurved tooth was absent. In males, the lower antennular flagellum had
12 segments or less, and the first segment of the main branch of the lower
antennular flagellum had a small swelling; and the clasping spine extended
beyond the end of the second segment of the main branch (Figure 4.5¢). The
anterior margin of the genital coxae was pointed (Figure 4.5d). Furthermore,
the petasma was with pars astringens, and the capitulum of the petasma had
one large hook and often one small hook along the outer margin (Figure 4.5¢).
In females, the distal inner margin of the basis of the third pereiopod ended in
a projection and a pair of small protuberances were observed on the anterior

part of the third thoracic sternite (Figure 4.5f).
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third thoracic sternite

(e)

(d)

Figure 4.4: Morphological characters in each sex and species identification of
Acetes japonicus (a) body of Acetes japonicus (male) (magnification x10) (b)
the apex of telson (magnification x10, x100) (c) lower antennular flagellum
(male) (magnification x100) (d) petasma (male) (magnification x100) (e) third
thoracic sternite produced posteriorly and emargination of posterior margin of
third thoracic sternite shallow (female) (magnification x100).
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Figure 4.5: Morphological characters in each sex and species identification of
Acetes sibogae (a) body of Acetes sibogae (male) (magnification x5) (b) apex
of telson (magnification x10, x50) (c) lower antennular flagellum (male)
(magnification x50) (d) Anterior margin of genital coxa (magnification x50) (e)
petasma (male) (magnification x100, x200) (f) Distal inner margin of basis of
third pereiopod ending in projection; a pair of small protuberances on anterior
part of third thoracic sternite (female) (magnification x100).
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4.2 Distribution

Distributions of the four Acetes species collected along the west coast of
Peninsular Malaysia in this study are shown in Table 4.1. Acetes japonicus and
A. sibogae were collected from the sampling locations of TBHG, KK, KG, KS
and SGKB, KS, respectively, which were in contrast to the distribution of A.

indicus and A. serrulatus.

4.3 Morphometric Analysis

A total of 1112 Acetes indicus individuals (360 females, 264 males), A.
serrulatus (194 females, 187 males), 4. japonicus (49 females, 25 males) and
A. sibogae (10 females, 43 males) were sampled and measured, between

August of 2007 and October of 2008.

4.3.1 Population Structure

The total length (TL) range, mean total length (+ S. D.), carapace length (CL)
range, mean carapace length (£ S. D.), wet weight (WW) range, and mean wet
weight (= S. D.) of females and males of each species, are presented in Table
4.2. For each of the Acetes species, the mean of TL, CL and WW were

significantly larger in females than in males (Mann-Whitney U-test; Table 4.2).

The size-frequency distributions for each measurement are illustrated
separately for females and males of the four Acefes species in Figure 4.6.
Females were dominant in the larger size classes, while males were more

numerous at smaller size classes for each measurement.
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Table 4.1: The distribution of four Acetes species sampled along the west coast of Peninsular Malaysia in this study.

Sampline location® In-shore / Species”
atmpTing focation Off-shore region ai as aj asi
102° 104 SGKB In-shore v (53)
T TBHG In-shore V(52)
KK In-shore \ (24) v (11)
- SOUTH 6
cma KG In-shore V (42) V(11)
KS In-shore v (3) V (6)
SGT Off-shore \ (135) \ (65)
P FENINSULAR . BPL Off-shore V(115 N (85)
BPL—
me BL Off-shore \ (48) V(52)
TR Off-shore \ (14) \ (36)
SKC Off-shore \ (61) \ (39)
STRAIT
L aaccs . TKR Off-shore \ (65) V (35)
PSETT In-shore \ (40)
* sampling location PREP SGK PKKP In_shore \/ (45) \/ (29)
100° 102° 104° SGK In-shore \ (15) \ (40)

*SGKB: Sungai Kubang Badak; TBHG: Teluk Bahang; KK: Kuala Kurau; KG: Kuala Gula; KS: Kuala Sepetang; SGT: Sungai Tiang; BPL: Bagan Pasir Laut; BL: Bagan

Lipas; TR: Teluk Rhu; SKC: Sekinchan; TKR: Tanjong Karang; PSETT: Portuguese Settlement; PKKP: Pulau Kukup; SGK: Sungai Kubang Badak.

Pai: Acetes indicus; as: A. serrulatus; aj: A. japonicus; asi: A. sibogae. (The number of individual collected was given in parentheses).



Table 4.2: Total length (TL), carapace length (CL) and wet weight (WW) for males and females of Acetes indicus, A. serrulatus, A. japonicus,
and A. sibogae.

L9

TL (mm) Mann- CL (mm) Mann- WW (mg) Mann-
Species Sex range Mean + S. D Whitney U P range Mean = S. D Whitney U P range Mean + S. D Whitney U P
Test Test Test

A.indicus F 340 16.71-38.94 2482+0.24 14316.000 0.000 3.63-7.88 5.57+0.77 7062.000  0.000 18.00-287.30 69.10+41.72 13274.500  0.000
M 264 15.07-29.52 19.88+0.17 3.54-584 435+0.42 1490-110.40 34.10+15.15

A.serrulatus F 194 1528 -26.55 20.99+2.42 10661.000 0.000 3.46-5.74 4.63+0.44 8432.000  0.000 14.20-70.00 39.83+12.75 9795500  0.000
M 187 14.21-2587 19.22+2.18 320-522 420+0.37 12.10 -49.90 29.65+9.28

A. japonicus F 49  1525-22.00 18.76+1.79 136.500 0.000 2.71-4.28 3.52+0.38 66.000 0.000 11.60-33.00 22.10 +5.44 100.500 0.000
M 25 1425-18.59 16.04+0.96 240-3.28 2.78+0.25 8.50-20.60 13.11 4£3.16

A.sibogae F 10 19.29-23.04 21.65+1.27 67.500 0.001 3.50-4.55 4.20+0.33 57.000 0.000 22.40-40.00 33.51+£6.59 61.500 0.000
M 43 18.17-2193 1995+1.12 3.19-4.13 3.69+0.28 17.00 -33.10 24.27 £4.56

sex: F, female; M, male.

n: sample size

P: Significance value of Mann-Whitney U test
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Species Total length (TL) mm Carapace length (CL) mm Wet weight (WW) mg
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Figure 4.6: Size-frequency distribution of females and males of Acetes indicus, A. serrulatus, A. japonicus and A. sibogae sampled along the

west coast of Peninsular Malaysia.
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Figure 4.6 (continued): Size-frequency distribution of females and males of Acetes indicus, A. serrulatus, A. japonicus and A. sibogae sampled
along the west coast of Peninsular Malaysia.
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4.3.2 Sex Ratio

The overall sex ratio (males : females) for A. indicus, A. serrulatus, A.
Jjaponicus and A. sibogae in this study was found to be 1:1.29, 1:1.04, 1:1.96
and 1:0.23, respectively. Chi-square tests revealed that the total number of
females was significantly greater than that of males for 4. indicus (> = 9.563,
df = 1, P = 0.002) and A. japonicus (x* = 7.784, df = 1, P = 0.005) samples
across the sampling period. This was in contrast to 4. sibogae samples in
which the total number of males was significantly higher than females (x> =
20.547, df = 1, P = 0.000006). However, there was no significant difference
between the total number of females and males (X2 =0.129,df =1, P=0.720)

for A. serrulatus.

The sex ratio (number of females/ total number of females and males) of A.
indicus, A. serrulatus, A. japonicus and A. sibogae was plotted for the TL
(mm), CL (mm), and WW (mg) in Figure 4.7. For A. indicus, the sex ratio by
size class showed that the females outnumbered males at TL, CL, and WW
greater than 24.00 mm, 5.50 mm, and 100.00 mg, respectively. The females of
A. serrulatus outnumbered males at TL, CL, and WW greater than 22.00 mm,
5.00 mm and 45.00 mg, respectively. In A. japonicus and A, sibgoae,
measurements of TL, CL, and WW also showed that females were larger than
males, as in A. indicus and A. serrulatus. The females of A. japonicus and A.
sibogae outnumbered males at TL, CL, and WW greater than 18.00 mm, 3.20

mm, 20.00 mg and 22,50 mm, 4.40 mm, 40.00 mg, respectively.
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Figure 4.7: Sex ratio (female no. / total no.) of Acetes indicus, A. serrulatus, A. japonicus and A. sibogae plotted for the total length (TL, mm),
carapace length (CL, mm) and wet weight (WW, mg). The dotted-line indicates a ratio of 1:1 (females : males).
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4.3.3 In-shore and Off-shore Samples Comparison

The sampling locations for A. indicus and A. serrulatus were grouped as in-
shore and off-shore. For females, males, and both sexes combined of A. indicus,
the means of TL, CL and WW for in-shore samples were significantly (P <
0.001) smaller than off-shore samples. This was in contrast to the females,
males, and both sexes combined for the A. serrulatus samples, in which case
the means of TL and WW for in-shore sample were significantly larger than
off-shore samples (Mann-Whitney U-test; Table 4.3). However, the mean of
CL for A. serrulatus was larger than for in-shore samples, but was not

significant (P = 0.187).

The size-frequency distributions showed that females, males, and both sexes
combined for in-shore samples of A. indicus were dominant in the smaller size
class, while offshore samples were dominant in the larger size-class for TL, CL,
and WW (Figure 4.8). Females, males, and both sexes combined for oft-shore
samples of A. serrulatus were dominant in the larger size classes, while in-

shore samples were numerous in the smaller size classes (except for CL).
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Table 4.3: Results of Mann-Whitney U-test for the in-shore and off-shore samples of Acetes indicus and A. serrulatus. Test was conducted
separately for females (F), males (M), and combined sexes (B). TL: total length; CL: carapace length; WW: wet weight.

TL (mm) Mann- CL (mm) Mann- WW (mg) Mann-
Species  Sex Region n range Mean £+ S. D \g]::s?ey P range Mean £+ S. D fj\l_ltaétsrtley P range Mean £ S. D m:srtley P
Acetes F In-shore 241 16.71-29.20 22.92+2.60 3051.000  0.000 3.63-6.78 5.34+0.67 5233.000 0.000 18.30 —93.00 53.02 +17.47 3618.000  0.000
indicus Off-shore 99 17.38 -38.94 29.44+4.78 4.80-7.88  6.12+0.71 26.40 — 287.30 108.25 £+ 55.60
M  In-shore 197 15.07-23.26 19.10+1.68 3291.500  0.000 354-5.07 4274033 4286.000 0.000 14.90 — 52.20 30.12+7.92 3987.500  0.000
Off-shore 67 15.32-29.52 22.20+3.88 3.69-5.84 4.60+0.54 15.00 — 110.40 45.81+£23.28
B In-shore 436 15.07-29.20 21.20+2.93 1590.000  0.000 354-6.78 4.86+0.76 22464.000  0.000 14.90 - 93.00 42,72 £18.05 18343.000 0.000
Off-shore 166 15.32-38.94 26.51 +5.68 3.69-7.88 5.51+0.99 15.00 —287.30 83.05 +54.74
Acetes F In-shore 39 18.81-26.55 23.89+1.71 423.000 0.000 346-5.04 4.50+0.38 2430.500 0.059 18.90 - 60.20 45.53+£10.03 1992.000  0.001
serrulatus Off-shore 155 1528 -24.07 20.25+1.99 3.62-574 4.66+045 14.20 — 70.00 38.39+£12.98
M  In-shore 30 19.52 -25.87 22.06 = 1.66 333.000 0.000 3.66-4.76 4.13+0.30 2019.500 0.217 26.90 — 49.60 36.85+6.82 1102.500  0.000
Off-shore 157 14.21-22.21 18.68+1.82 320-520 4.22+0.38 12.10 — 49.90 28.28 +9.07
B In-shore 69 18.81-26.55 23.10 £1.91  2179.500 0.000 346-5.04 434+0.39 9670.500 0.187 18.90 — 60.20 41.76 £9.75 6172.000  0.000
Off-shore 312 14.21-24.07 19.46+2.06 320-5.74 444 £047 12.10 —70.00 33.30+12.26

sex: F, female; M, male.

n: sample size

P: Significance value of Mann-Whitney U-test
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Figure 4.8: Size-frequency distributions of females, males, and both sexes combined for the in-shore and off-shore samples of Acetes indicus
and A. serrulatus, collected from the west coast of Peninsular Malaysia.
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Figure 4.8 (continued): Size-frequency distributions of females, males, and both sexes combined for the in-shore and off-shore samples of
Acetes indicus and A. serrulatus, collected from the west coast of Peninsular Malaysia.
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Figure 4.8 (continued) Size-frequency distributions of females, males, and both sexes combined for the in-shore and off-shore samples of
Acetes indicus and A. serrulatus, collected from the west coast of Peninsular Malaysia.
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4.3.4 Comparison among Species

Since the assumption of normality was violated, a Kruskal-Wallis H test was
used to test for significant differences among the four Acetes species for TL,
CL, and WW morphometric measurements of. Significant differences (P <

0.001) were detected in the mean of the measurements among species (Table

4.4).

Among the four species, A. indicus showed the widest range for all three
measurements and A. serrulatus has the second widest range of distribution
(Figure 4.9). Both A. japonicus and A. sibogae showed narrower size ranges,
and were smaller, compared with A. indicus and A. serrulatus, for all

measurements, respectively (Figure 4.9).

Following the Kruskal-Wallis tests, pairwise comparison of each measurement
using the Mann-Whitney U-tests revealed that significant differences existed
between Acetes species, except for a few cases (Table 4.5). For all
measurements (TL, CL, and WW), no significant difference were detected for
the comparison between female samples of A. serrulatus and A. sibogae (P =
0.320, P =0.003, and P = 0.100 respectively), and male samples of 4. indicus
and A4. serrulatus (P = 0.092, P = 0.001, and P = 0.019 respectively). The
comparison of the means of TL between A. indicus and A. sibogae was not
significantly different for both female (P = 0.012) and male samples (P =
0.186). Also, comparison of the means of TL between the male samples of A.

serrulatus and A. sibogae was not significantly different (P = 0.022).
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Table 4.4: Results of Kruskal-Wallis H-test for the comparison among Acetes indicus, A. serrulatus, A. japonicus, A. siboage. The test was
conducted for females (F), males (M), and combined sexes (B), separately. TL: total length; CL: carapace length; WW: wet weight.

TL (mm) Kruskal- CL (mm) Kruskal- WW (mg) Kruskal-
Species Sex n range Mean+ S. D Wallis ) - P range Mean+S. D Wallis 2H— P range Mean+ S. D Wallis ZH - r
Test (") Test (") Test (")
A.indicus F 340 16.71-38.94 24.82+0.24 170.052 0.000 3.63-7.88 557+0.77 299.384 0.000 18.00-287.30 69.10+41.72 213.922 0.000
A.serrulatus  F 194 1528 -26.55 20.99+242 346-574 4.63+044 14.20-70.00 39.83 +12.75
A. japonicus  F 49 1525-22.00 18.76+1.79 2.71-428 3.52+0.38 11.60-33.00 22.10+5.44
A.sibogae F 10 19.29-23.04 21.65+1.27 3.50-455 420+0.33 22.40-40.00 33.51+6.59
A.indicus M 264 15.07-29.52 19.88+0.17 59.156 0.000 3.54-584 435+042 145472 0.000 14.90-110.40 34.10+15.15 90.551 0.000
A.serrulatus M 187 14.21-25.87 19.22+2.18 320-522 420+0.37 12.10-49.90  29.65+9.28
A. japonicus M 25 14.25-18.59 16.04+0.96 240-328 2.78+0.25 8.50 -20.60 13.11 +£3.16
A.sibogae M 43 18.17-2193 1995+1.12 3.19-4.13 3.69+0.28 17.00-33.10 24.27 +4.56
A.indicus B 604 15.07-38.94 22.66+4.55 152.192 0.000 3.54-7.88 5.04+0.08 364.868 0.000 14.90-287.30 53.80+37.15 251.374 0.000
A.serrulatus B 381 14.21-26.55 20.12+247 320-574 4.42+0.46 12.10-70.00  34.83 +12.27
A.japonicus B 74  1425-22.00 17.84-2.02 240-428 322+0.49 8.50-33.30 19.06 + 6.40
A. sibogae B 53 18.17-23.04 20.27-1.31 3.19-455 3.78+£0.35 17.00 -40.00 26.01 +6.14

sex: F, female; M, male.

n: sample size

P: Significance value of Kruskal-Wallis H-test



08

Table 4.5: Results on pairwise comparisons among Acetes species for TL (total length), CL (carapace length), and WW (wet weight). Tests
were based on the Mann-Whitney U-test, with P-values being corrected according to the Bonferroni method (P = 0.0083) as six comparisons
had to be conducted separately for females, males, and combined sexes of each species.

TL (mm) CL (mm) WW (mg)
Species 1 2 3 1 2 3 1 2 3 4
Females 1. A. indicus
2. A.serrulatus  15607.000, 9529.000, 14796.500,
P =0.000 P =10.000 P=10.000
3. A. japonicus  1296.000,  2229.500, 61.500, 279.500, 415.000, 1037.500,
P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000
4. A. sibogae  910.000, 789.000, 45.000, 140.500, 434.500, 46.000, 433.000, 671.000, 50.000,
P=0012 P=0320 P =0.000 P=0.000 P=0.003 P=0.000 P=0.000 P=0.100 P=0.000
Species 1 2 3 1 2 3 1 2 3 4
Males 1. A. indicus
2. A.serrulatus ~ 22385.000, 20337.000, 21486.500,
P=10.092 P=10.001 P=0.019
3. A. japonicus  399.000, 436.500, 0.000, 3.000, 90.000, 162.000,
P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000
4. A. sibogae  4962.000,  3122.500, 5.000, 957.000, 1125.000,  3.000, 2864.500,  2594.000, 27.000,
P=0.186 P=0.022 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000
Species 1 2 3 1 2 3 1 2 3 4
Both 1. A. indicus
2. A.serrulatus  78425.000, 68178.000. 76283.000,
P =10.000 P =0.000 P=0.000
3. A. japonicus  6861.500,  6809.000, 793.000, 1176.000, 3056.000,  3634.000,
P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000
4. A. sibogae 11211.000, 9632.500, 671.000, 2265.000,  3842.000, 837.000, 5286.500,  5621.500, 907.500,
P=0.000 P=0.588 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000 P=0.000

Indicate non-significant result (Significance level, P = 0.0083)
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Figure 4.9: Size-frequency distributions of Acetes indicus, A. serrulatus, A.
Jjaponicus, A. sibogae collected form the west coast of Peninsular Malaysia.
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4.4 Length-Weight Relationships (LWRs) and Length-Length
Relationships (LLRs)

The LWRs were estimated for different groups (females and males for each
species, combined sexes for each species, and in-shore and off-shore samples
of A. indicus and A. serrulatus) in this study are shown in Table 4.6 and Table
4.7, respectively. The LWRs estimated in this study were significant (P < 0.05),
with the coefficient of determination of R* > 0.659. LLRs were estimated as
well with the same grouping as LWRs, (Table 4.8 and Table 4.9). LLRs were

all significant (P < 0.001) with the coefficient of determination of R’ >0.347.

The estimated b values for LWRs ranged from 2.285 to 3.403 (Table 4.6 — 4.7).
If the estimated b value is equal or not significantly different from the
isometric value (3), it indicates isometric growth (the shape does not change as
shrimps grow). However, if the b value is significantly higher or lower than 3,
it indicates positive or negative allometric growth, respectively. Both #-test and
normal distribution (z-test) gave similar results (Table 4.6 — 4.7). Generally, A.
indicus and A. serrulatus demonstrated negative allometric growth for males,
females, and in overall pooled data of both sexes (Table 4.6). As for A.
japonicus and A. sibogae, the males showed an isometric growth type.
Differences in growth patterns were, however, observed between males and
females of A. japonicus whereas the pooled data of both sexes for A. sibogae
showed positive allometric growth as compared with isometric growth, in the

case of individual sexes (Table 4.6).

Since samples of A. japonicus and A. sibogae were not found from off-shore

trawling catches, LWRs for only A4. indicus and A. serrulatus for in-shore and
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off-shore samples were estimated (Table 4.7). The in-shore samples of A.
indicus showed isometric growth while off-shore samples showed isometric
growth only for females and negative allometric growth for males and both
sexes combined. For A.serrulatus, in-shore and off-shore samples exhibited
isometric growth and positive allometric growth pattern, respectively, for
females and when both sexes were combined (Table 4.7). Negative allometric
and isometric growth pattern were also detected in males of in-shore and off-

shore samples, respectively.
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Table 4.6: Descriptive statistics and estimated parameters of the length-weight relationships of the four Acefes species collected along the west
coast of Peninsular Malaysia.

TL range

Growth

Growth

Species N Sex (mm) WW range (mg) a 95 % Clof a b (S.E.) 95 % Cl of b (t-test value) (=-test value ) R’
Acetes 340 F  16.71-38.94 18.00 —287.30 0.008 0.006—0.011 2.778 (0.045) 2.688—2.867 A-(4.933) A-(4.933) 0.917 ***
indicus 264 M 15.07-29.52 14.90-110.40 0.010 0.007—0.014 2.694 (0.053) 2.589-2.799  A-(5.773) A-(5.773) 0.907***
604 B 15.07-38.94 14.90-287.30 0.007 0.006—0.008 2.829 (0.029) 2.773-2.886  A-(5.896) A-(5.896) 0.941 ***
Acetes 194 F  1528-2655  1420-70.00 0.013 0.007—0.023 2.637 (0.104) 2.431-2.843  A-(3.490) A-(3.490) 0.769 ***
serrulatus 187 M 14.21-2587  12.10-49.90 0.010 0.006—0.016 2.699 (0.084) 2.533-2.865 A-(3.583) A-(3.583) 0.847 ***
381 B 1421-2655  12.10-70.00 0.009 0.006—0.013 2.749 (0.064) 2.623-2.875  A-(3.921) A-(3.921) 0.829 ***
teetes 49 F 152522200 11.60-33.00 0017 0.006-0.050 2432(0.179) 2072-2791  A-(3.173) A-(3.173)  0.798 ***
ieeles o5 M 1425-18.59  8.50-20.60  0.002 0.0001 —0.031 3.153(0.473) 2.175-4.132  1(0.323)  1(0.323)  0.659 ***
JOPOMCUS 94 B 1425-22.00  850-3330 0.005 0.002-0.010 2.883(0.139) 2.606—3.160  1(0.842)  1(0.842)  0.856 ***
teetes 10 F1929-2304 22404000 0001 0.000-0.009 3393(0315) 2667-4.119  1(1.247)  1(1.247)  0.936 ***
" 43 M 18.17-2193  17.00-33.10 0.002 0.001-0.005 3.191(0.162) 2.864—3.519  I1(1.179)  I(1.179)  0.904 ***
SID0gde 53 B 18.17-23.04  17.00-40.00 0.001 0.000 —0.002 3.403 (0.130) 3.143 —3.664  A+(3.100) A+ (3.100) 0.93] ***

N = number of individuals; Sex: F = female, M = male, B = female and male; TL = total length (mm); WW = wet weight (mg); Regression parameter: a =
intercept, b = slope; CI = confidence interval; S. E. = standard error of the slope b; R’: coefficient of determination; significance level: * 0.01<P <0.05, **
0.01<P <0.05, *** P <0.001.
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Table 4.7: Descriptive statistics and estimated parameters of the length-weight relationships for the in-shore and off-shore samples of A.
indicus and A. serrulatus collected along the west coast of Peninsular Malaysia.

Species N Sex T%nrlirll)ge W\?/nfg)“ge 95%Clofa  b(SE)  95%Clofb tg;fy;ﬁl o (Z_g?‘:ﬂ“ue) 2
241 F 1671-2920 18.00-93.00 0006 0.004—0009 2911(0072) 2.770-3.052  1(1.236) 1(1.236) 0.874 %
- 197 M 1507-2326 14.90-5220 0007 0.004-0011 2836(0.086) 2.666-3.005 1(1907)  1(1.907) 0848 ¥**
Acetes 438 B 15.07-2920 14.90-93.00 0.005 0.004—0.007 2.940(0.041) 2.858-3.021  1(1.463)  1(1.463) 0.921 ***
indicus . 99 F 17383894 264028730 0008 0.004-0015 2803 (0.104) 2507-3.009 I1(1894)  1(1.894) 0882 %
OC 67 M 1532-2952 1500-11040 0009 0.005-0015 2733(0.090) 2554-2912  A-(2967)  A-(2.967) 0935
166 B  15.32-3894 15.00—287.30 0.006 0.004—0.009 2.867(0.057) 2.755-2979 A-(2.333)  A-(2.333) 0.940 ***
39 F 18812655 1890-6020 0001 000010003 3.335(0.176) 2978-3.693  1(1.903) 1(1.903)  0.906 **
030 M 19522587 2690-49.60 0031 0.001-0.100 2285(0.181) 1914-2655 A-(3950)  A-(3.950) 0851 %%
Acetes 69 B 18812655 18.90—6020 0.006 0.002—0.014 2.806(0.125) 2.556—3.056  I1(1.552)  1(1.552) 0.882 ***
serrulass ~_ 155 F 15282407 1420-70.00 0002 00010003 3326(0.106) 3.116-3536 A+(3.075) A+ (3.075) 0865
OC 157 M 1421-2221 1210-4990 0003 0.002-0.005 3.157(0.094) 2972-3342  I(1670)  1(1.670) 0.880 ***
312 B 1421-2407 12.10-70.00 0.002 0.001—0.003 3.305(0.066) 3.175—3435 A+(4.621) A+ (4.621) 0.889 ***

N = number of individuals; Sex: F = female, M = male, B = female and male; TL = total length (mm); WW = wet weight (mg); Regression parameter: a =
intercept, b = slope; CI = confidence interval; S. E. = standard error of the slope b; R’: coefficient of determination; significance level: * 0.01<P <0.05, **

0.01<P <0.05,*** P <0.001.



Table 4.8: Length-length relationships of the four Acetes species collected
along the west coast of Peninsular Malaysia.

Species Sex N Length-length relationships R’

A. indicus F 340 TL=5.045CL-3.267 0.740%**
M 264 TL=5.596CL-4.473 0.705%**
B 604 TL =4.636CL-0.684 0.798%**

A. serrulatus F 194 TL=3.217CL+6.087 0.347%**
M 187 TL =4.222CL+1.470 0.513%**
B 381 TL =3.730CL+3.625 0.486%**

A.japonicus F 49 TL=4.421CL+3.199 0.883%**
M 25  TL=3.106CL+7.411 0.640%**
B 74  TL=3.917CL+5.036 0.902%**

A. sibogae F 10 TL=3.661CL+6.289 0.908***
M 43  TL =3.803CL+5.922 0.850%**
B 53 TL=3.621CL+6.531 0.92] #*x*

N = number of individuals; Sex: F = female, M = male, B = female and male; significance
level: * 0.01< P <0.05, ** 0.01< P <0.05, *** P <0.001.

Table 4.9: Length-length relationships of the in-shore and off-shore samples of
A. indicus and A. serrulatus collected along the west coast of Peninsular
Malaysia.

Species SamPling Sex N Length-length relationships R’
region
A. indicus in-shore F 241 TL=3.678CL+3.281 0.883%**
M 197  TL=4.367CL+0.455 0.722 ***
B 438 TL =3.683CL+3.309 0.906***
off-shore F 99 TL =5.123CL-1.919 0.586%**
M 67 TL = 5.856CL-4,731 0.667***
B 166 TL=5.001CL-1.021 0.760%**
A. serrulatus in-shore F 39 TL =4.031CL+5.744 0.800%**
M 30 TL = 5.094CL+0.983 0.857%**
B 69 TL =4.519CL+3.468 0.853%**
off-shore F 155 TL=3.736CL+2.830 0.727%%*
M 157 TL=4.453CL-0.101 0.869%**
B 312 TL =3.923CL+2.049 0.815%**

N = number of individuals; Sex: F = female, M = male, B = female and male; significance
level: * 0.01< P <0.05, ** 0.01< P <0.05, *** P <0.001.
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4.5 DNA Analysis of Acetes samples

The images of EtBr-stained gels of DNA extract (Figure 4.10) and PCR

products (Figure 4.11) were viewed under U.V. illumination. One band was

visualized in the PCR products (~ 700bp).
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Figure 4.10: Gel electrophoresis of extracted DNA. A sample of the genomic
DNA extracted from Acetes indicus. Lane M: 1 kb DNA ladders; Lane 1 — 10:
DNA extracts. (1% Agarose gel, TBE buffer, 90V, 45 mins).
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Figure 4.11: Gel electrophoresis of PCR products. A sample of the PCR
products amplified from Acetes indicus. Lane M: 100bp DNA ladders; Lane 1

— 16: PCR products; Lane 17: negative control. (2% Agarose gel, TBE buftfer,
90V, 45 mins).
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4.6 Cytochrome C Oxidase Subunit I (COI) Gene

The 552 base pairs (bp) of the COI gene fragment (GenBank Accession
Number: HQ630429-HQ630587) amplified in this study were obtained for
159 specimens and revealed 46 haplotypes: 11 haplotypes were identified for
Acetes indicus, 31 haplotypes for A. serrulatus, two haplotypes for A.
Jjaponicus, and two haplotypes for 4. sibogae (Appendix E). From the multiple
sequence alignment of 46 haplotypes (Figure 4.12), 167 variable sites were
found, of which 144 and 23 were parsimony informative sites and singleton
sites, respectively. No insertions or deletion (indels) were found. Most of the
variations (139 sites, 83%) occurred at the third codon position, while 26
variable sites (16%) were at the first position. Only two variable sites (1%)

were at the second position.

The mean nucleotide composition of each Acetes species is shown in Table
4.10, together with the base composition according to first, second and third
codon position. The pattern of nucleotide substitution was biased in favour of
122 transitions (Ts, 44 A < G and 78 T < C changes) over 95 transversions
(Tv, 62 ToA, 8 TG, 20 C—A and 5 C—G changes), yielding a Ts/Tv ratio
of 1.28. Furthermore, from the 196 mutations, 194 (9%) were synonymous
mutations and two (1%) were non-synonymous mutations. Non-synonymous
mutations that resulted in amino acid substitutions occurred at sites 253, 301
and 434, resulting in a change from Leucine to Methionine, Alanine to Serine,
Serine to Threonine, respectively (see Appendix F). The substitutions resulted
in chemically similar amino acids change. Overall, the pattern of base

composition nucleotide substitution was similar among Acetes species.
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[ 11111 1111111111 1111111111 1112222222]
[ 12333 3444556667 7788900111 2233344455 5666677788 8990011112]
[ 1367925036 9238470392 5814325147 0925814836 7235814736 9281703792]
#ai 1 TAATATCAAA ACTTTTATTA ATATCTTGTA CTAATACTTA TACAACATTT TGTTACATAA
#ai 2 ... .T...c.cc. ...CT..A.G T...C..CAT ...G.T...C .A.C...CTC
= T
#ai 4 ..., T...C.CC. CT..A.G T C..CAT G.T...C .A.C CTT
Fal 5 i e e i e e Al
#ai 6 ..., .T...C.CC CT..A.G T C..CAT G.T...C .A.C CTC
#ai 7 ...l T e e e e e e
= T P
#ai 9 .......... B
#ai 10 ...l el C ettt e e e
T T T c
#as 1 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT

#as 2 ..., T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT

#as 3 ..., T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT

#as 4 ...... T. ..C....C.. T.TCT.CA.. T..G.T.CCT ..T...... C CAC.GT

#as 5 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 6 ...... T. AC....C.. T.TCT.CA.. T....T.CCT ..T...... C CACCGT....
#as 7 ..., T. ..C....C.. T.TCT.CA.. T..G.T.CCT ..T....... CAC..T....
#as 8 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 9 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 10 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 11 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T.T....C CAC.GT....
#as 12 ...... TG.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 13 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CACCGT....
#as 14 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 15 ...... Tooo oo c.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 16 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC..T....
#as 17 ...... T. ..C....Cc.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 18 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 19 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 20 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 21 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT.C..
#as 22 ...... T. .TC....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 23 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 24 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 25 ...... T. ..C....C.. T.TCT.CAA. T..G.T.CCT ..T...... C CAC.GT....
#as 26 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C .AC.GT....
#as 27 ...... T. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#as 28 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T..T...C CAC.GT....
#as 29 ...... T.. ..C....C.. T.TCT.CA.. T....T.CCT ..T....... CAC.GT....
#as 30 ...... T... ..C....C.. T.TCT.CA.. T. .T.CCT .. .T...... C CAC.GT.C..
#as 31 ...... T.G. ..C....C.. T.TCT.CA.. T....T.CCT ..T...... C CAC.GT....
#aj 1 CG.T..T C.C...... C T..A.. TCT.CTTCCT CG....GC.C AA.CTT.CCC
#aj 2 ...CG.T..T C.C...... c ....T..A.. TCT.CTTCCT CG....GC.C AA.CTT.CCC
#asi 1 C.TCTC.T.T TGC.CCG.CC GAC.TCCA.. T..G...C.T .G..TTT.AC .ACC...CT.

#asi 2 ..TCT..C.T TAC.. .AC...CA.G T.G..G.C.T ....T.T.AC .ACC..GC.G

Figure 4.12: Multiple sequence alignment of the 46 haplotypes identified from
159 specimens. Only variable sites in 552 bp of COI gene are shown.
Haplotypes are named according to the species, i.e., ai — Acetes indicus; as — A.
serrulatus; aj — A. japonicus; asi — A. sibogae. The same nucleotides with the
haplotype ail are represented by dot.

89



[

[

[
#ai 1
#ai 2
#ai 3
#ai 4
#ai 5
#ai 6
#ai 7
#ai 8
#ai 9
#ai 10
#ai 11
#as 1
#as 2
#as 3
#as 4
#as 5
#as_6
#as 7
#as_8
#as_9
#as 10
#as 11
#as 12
#as 13
#as 14
#as 15
#as 16
#as 17
#as 18
#as 19
#as 20
#as 21
#as 22
#as 23
#as_ 24
#as_ 25
#as_ 26
#as 27
#as 28
#as 29
#as_ 30
#as_ 31
#aj 1
#aj 2
#asi 1
#asi 2

2222222222
2223333444
5894578013
CACTTACTTA
T....GL.

.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CTTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.C.TACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.CCTACT
.T.CCTACT
TTTCCTTAC.
TTTCCTTAC.
ATTAC.TAC.
GT.CCGTA.G

L

HHHHEHEEAESEEEEIEEEEEEadEEaEEEEadA S

N R R R e I I N R I I I I I I I I I = I I

=)

2222222222
4555566778
6235847392
TACTTGAAAA
.C.A....
C.A.
C.A.
CT..AA.
CT..AA.
CT..AAG
CT..AA.
CT..AA..
CT..AA..
.T.CAA..
CT..AA..
CT..AA....
.T..AAL ...
CT..AA.
CT..AA.
CT..AA.
CT..AA..
CT..AA..
CT..AA..
CT..AA..
CT..AA..
CT..AA.
CT..AA.
CT..AA.
CT..AA..
CT..AA..
CT..AA..
CT..AA..
CT..AA..
CT..AA.
CT..AA.
CT..AA.
AT..AA..
CT..AA....
CG..CA.GC.
C...CA.GC.
A.AAATG.T.
A.AGAC..TG

i i i i O i i i B

2222233333 3333333333 3333333333 3333333333]
8899900000 1112223333 3445555666 7777888999]
5847801369 2581470367 9281478369 2589147036]
TTTTTAGTAA TTTTATATTT ATTATCTCAA TACTAATTTT

CC..... A.G
CC..... A.G
CC..... A.G

.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
.CTTATT
. .CTTATT
.CTTATT
. .CTTATT
.CTTATT
...CTTATT
.C.CCC.ATT
.C.CCC.ATT
AG..C...C.
ACC.C...TG

T R T R T
B i i - i - i o
|
h=]

Q

CCCCT.TA..
CCCCT.TA..
C..ATCTAC.
. .CATATAC.

..TA.C

....C.CT..

3
O L

L =
R I L R

.A.GC..TG
GA....CTTT

Figure 4.12 (continued): Multiple sequence alignment of the 46 haplotypes
identified from 159 specimens. Only variable sites in 552 bp of COI gene are
shown. Haplotypes are named according to the species, i.e., ai — Acetes indicus;
as — A. serrulatus; aj — A. japonicus; asi — A. sibogae. The same nucleotides
with the haplotype ail are represented by dot.
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[ 4444444444 4444444444 4444444444 4455555555 5555555]

[ 0011222223 3444455555 6788889999 9900011223 3444445]
[ 5814012394 5145701369 5106790235 8914736581 7036792]
#ai 1 AACTTTCTGG ATATAATATA ACTATATACT CTATTAATAA TTATCAT
#ai 2 .. TCAAG... .......... .T.G.G.... AC...C.... .C.C...
=
#ai 4 ..TCAAG... .......... T.Ga AC...C.... .C.C...
Fal 5 e e e e
#ai 6 L.TCAAG... .....oun.. .T.G.G.... AC...C.... .C.C...
2 T
#al B G e e e e
=
FAi 10 ettt e e e
o T A
#as 1 GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 2 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 3 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 4 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 5 L.TT.AAGGAC ..... T.... .TC.C.CTTA A..... TA.T TGC
#as 6 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 7 ..T.AAG.AC ..... T.... .TC...CTTA A....CTA.T T.C
#as 8 .GT.AAGAAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 9 .GT.AAGGAC ..... T.... .TC...CTTA A.G...TA.T ....TGC
#as 10 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T ....TGC
#as 11 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 12 .GT.AAGAAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 13 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 14 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 15 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 16 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 17 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 18 .GT.AAG.AC ..... T.... .TC...CTTA A..... TA.T TGC
#as 19 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T ....TGC
#as 20 .GT.AAGGAC ..... T.... .TC...CTTA A..... TAGT ....TGC
#as 21 .GT.AAGAAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 22 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 23 .GT.AAGGAC ..... T.... .TC.C.CTTA A..... TA.T TGC
#as 24 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T T.C
#as 25 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 26 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T ....TGC
#as 27 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T ....TGC
#as 28 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 29 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 30 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T TGC
#as 31 .GT.AAGGAC ..... T.... .TC...CTTA A..... TA.T ..TGC
#aj 1 ..T.AAGAAC .CTC..C... .......... T...G.TA.C .C.CT.C
#aj 2 ..T.AAGAAC .CTC..C... .......... T...G.TA.C .C.CT.C
#asi 1 .TT..AG.AC TC.CCCCGCG GTCGCT...A T..A..... T ACG.T..

#asi 2 .T...AG.AC T..CCTCG.C GT..CT..TA TC.A...G.T AC..T.C

Figure 4.12 (continued): Multiple sequence alignment of the 46 haplotypes
identified from 159 specimens. Only variable sites in 552 bp of COI gene are
shown. Haplotypes are named according to the species, i.e., ai — Acetes indicus;
as — A. serrulatus; aj — A. japonicus; asi — A. sibogae. The same nucleotides
with the haplotype ail are represented by dot.
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Table 4.10: Base composition (%) of COI gene amplified for each Acetes species.

First codon Second codon Third codon overall
Species
T C A G T C A G T C A G T C A G A +T
A. indicus 238 168 284 31.0 457 23.8 12,5 18.1 369 9.1 515 2.5 355 16.6 30.8 17.2 66.3
A. serrulatus  23.9 169 288 304 457 239 125 179 38.7 8.7 502 24 36.1 16.5 305 16.9 66.6
A. japonicus  20.7 19.6 28.8 31.1 457 239 125 179 332 19.6 443 3.0 332 21.0 285 17.3 61.7
A. sibogae 19.6 20.1 293 31.0 457 239 125 179 354 147 41.8 8.2 335 196 279 19.0 61.4
Overall 23.3 173 28.7 30.8 45.7 239 125 18.0 372 102 49.6 29 354 171 303 17.2 65.7




4.7 Phylogenetic Analyses

Phylogenetic trees constructed based on Neighbour-Joining (NJ) and
Maximum Likelihood (ML), Maximum Parsimony (MP) and Bayesian
Inference (BI) are shown in Figure 4.13 and Figure 4.14, respectively. NJ, ML,
MP, and BI consistently produced trees with the same overall topology, which
are four major clades, namely clade ai, as, aj, asi for Acetes indicus, A.
serrulatus, A. japonicus and A, sibogae, respectively. The four major clades
corresponding to the four identified Acefes species based on morphological
features (key). Each clade was strongly supported by high bootstrap (BS) and
posterior probability (PP), of 97-100% and 0.99-1.00 values, respectively. In
addition, two distinct clades were observed in the 4. indicus and A. sibogae

samples, namely clade ai-/ and ai-II and clade asi-I and asi-1I, respectively.

4.7.1 Pairwise Genetic Distances and Time of Divergence

The mean percent nucleotide sequence divergence (K2P) within and between
Acetes species are summarized in Table 4.11. The interspecific variation
ranged from 14.50 to 20.50%. This result indicates that 4. sibogae was the
most divergent among the four Acetes species, followed by A. japonicus, A.
serrulatus and A. indicus. In addition, A. indicus and A. sibogae showed 8.94%
and 10.93% mean sequence divergence between the two distinct clade ai-I and
ai-Il and asi-I and asi-II, respectively (Table 4.11). In addition, time of
divergence between species and between clades of A. indicus and A. sibogae

was shown in Table 4.11 as well.

93



~as9
—as 11
-as 19

-as 20
-as 27
as |
-as 17
-as 22
{as4
as 25
- as 26
ras 18

as 12
[as 8

as 21
{ as 5
as 23 A . serrulatus
as 10

{as 30

-as 16
{as6
as 13
91 -as 14
—1ras29
~as 15
—as 28
100 as 2
-as 3
-as 31
-as 24
51 L—as7
ai5
100 ai7 \ \
ai l
ai3
99 ai'10
83 a}g A. indicus
ai
aill {
92-ai2 .
100 [Mai 6 ai-I11

aid J s
100 &1 4 i .
Laj2 . japonicus

100 | asi 1:] . J asi-1
. asi 2 A. sibogae =i i1

ai-1

Sergestes similis

Figure 4.13: Neighbour-joining (NJ) phylogram (consensus tree) showing the
relationship among COI mtDNA haplotypes of the Acetes sp. shrimp.
Haplotypes are named according to the species (as — A. serrulatus; ai — A.
indicus; aj — A. japonicus, asi — A.sibogae) and the corresponding number of
haplotype. The value at each node represents the bootstrap value (%) based on
2000 pseudoreplicates.
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Figure 4.14: Maximum likelihood tree from COI mtDNA haplotype data under
the best-fitting model HKY+I+G selected by jModeltest. The parameters were
as follow: model = HKY 85, number of substitution types (nst) = 2, proportion
of invariable sites (p-invar) = 0.6220, Transition/Transversion ratio = 4.2197
and gamma (y) distribution shape parameter (o= 1.7320). The value at each
node represents the bootstrap value (BS, %) for ML, posterior probability (PP)
for BI and BS (%) for MP.

95



96

Table 4.11: The mean nucleotide sequence divergence (%) estimated with Kimura’s Two Parameter’s, based on haplotypes only (a) Between
and within Acetes species and outgroup, Sergestes similis (b) between and within two disctinct clade of A. indicus (c) between and within two
disctinct clade of A. sibogae. The values in parentheses are the divergence time based on 1.40 % and 3.00 % sequence divergence rate,

respectively, in million year ago (MYA).

(a) Interspecific variation

Species A. indicus A. serrulatus A. japonicus A. sibogae S. similis (outgroup)
Acetes indicus 4.08 (2.91; 1.36)
A. serrulatus 14.49 (10.35; 4.83) 0.63 (0.45; 0.21)
A. japonicus 17.86 (12.76; 5.95) 14.69 (10.49; 4.89) 0.18 (0.130; 0.06)
A. sibogae 20.47 (14.62; 6.82) 19.58 (13.98; 6.52) 19.89 (14.20; 6.63) 10.30 (7.36; 3.43)

S. similis (outgroup)  21.35(15.25;7.12)  19.32(13.80;6.44)  21.21 (15.15;7.07)  21.57 (15.41;7.19) -

(b) Interclade variation of A. indicus

Clade ai-1 ai-11
ai-1 0.32(0.23;0.11)
ai-11 8.94 (6.39; 2.98) 0.36 (0.26; 0.12)

(¢) Interclade variation of A. sibogae

clade asi-1 asi-11

asi-1

asi-11 10.30 (7.36; 3.43) -




4.8 Intraspecific Analyses

4.8.1 Haplotype Composition and Distribution, and DNA Polymorphism
The haplotype composition, segregating sites (5), number of haplotypes (Nhap),
haplotype (gene) diversity (%), and nucleotide diversity () for each species are

summarized in Tables 4.12 — 4.15.

For A. indicus (Table 4.12 and Figure 4.15), ail was the most common
haplotype but it was not detected in the KK (Kuala Kurau) and KG (Kuala
Gula) populations. However, ai4 was the only haplotype found in the latter two
populations and it was also present in BL (Bagan Lipas) and PSETT
(Portugues Settlement). Moderate level of haplotye diversity (2 = 0.552) and
high nucleotide diversity (x = 0.031) were observed in overall samples. In
addition, low levels of /& and = in the two distinct clades (i.e., clade ai-I, h =

0.286, 7 =0.001; clade ai-1I, h = 0.228, = = 0.001), were observed.

For A. serrulatus (Table 4.13 and Figure 4.16), all sites shared the most
frequent haplotype, i.e., asl, followed by as2 and as8. Haplotype as7 was
shared by SGT (Sungai Tiang) and BPL (Bagan Pasir Lipas), while as/8§ was
shared by BPL (Bagan Pasir Lipas) and SGK (Sungai Kapal), respectively. The
remaining haplotypes were found in only one locality and as7 was relatively
divergent from the rest of the haplotypes. The overall haplotype diversity (4 =
0.886) was high, ranging from 0.700 in PKKP (Pulau Kukup) to 1.000 in TKR
(Tanjong Karang) and SGK (Sungai Kapal). However, the overall nucleotide
diversity () was low (0.004), ranging from 0.002 in SKC (Sekinchan) to 0.006

in SGT (Sungai Tiang), respectively.
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For A. japonicus (Table 4.14 and Figure 4.17), both haplotypes aj/ and aj2
were shared by KK, KG and TBHG (Teluk Bahang). A moderate level of
haplotye diversity (h = 0.540) and low level nucleotide diversity (m = 0.001)
were observed. The 4 and 7 values were highest for KK, followed by KG and

TBHG.

For A. sibogae, only 2 haplotypes were present in the 12 samples analysed,
namely, asil and asi2 (Table 4.15 and Figure 4.18). Haplotype asil/ occurred
in both SGKB (Sungai Kubang Badak) and KS (Kuala Sepetang), while asi2

was only observed in SGKB, but not in KS.

Table 4.12: Haplotype compositions and summary of molecular diversity in
Acetes indicus collected in this study.

Sampling locations*

Haplotype —ger—RPL  BL KK KG TR SKC TKR PSETT PKKP SGK Totl
ail 7 7 6 3 6 5 I 4 5 a4
ai2 1 1
ai3 1 1
aid 1 5 6 3 15
ai5 1 1
ai6 1 1
ai7 1 1
ai8 1 1 2
ai9 1 1
ailo 1 1
aill 1 1
n 8 7 7 5 6 5 7 6 8 5 5 69
S 1 0 45 0 0 2 1 1 47 1 0 50
Nip 2 1 2 1 1 3 2 2 6 2 1 1
h 0250 0.000 028 0.000 0000 0.700 0286 0333 0.893 0400 0000 0.552
T 0.000 0000 0023 0000 0000 0002 0001 0001 0045 0001 0000 0.031

* Abbreviation of sampling locations refer to Table 3.1
n: number of sequences;

S: number of segregating sites;

Niap: number of haplotypes;

h: haplotype diversity;

7: nucleotide diversity.
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Figure 4.15 Haplotype distribution of Acetes indicus collected in this study.
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Table 4.13: Haplotype compositions and summary of molecular diversity in
Acetes serrulatus collected in this study.

Sampling location* Total
BL SKC  TKR TR PKKP  SGK

Haplotype SGT

asl 2
as2 3
as3
as4
as5
as6
as7/
as8
as9 1

aslo 1

asll 1

asl2

asl3

asl4

asl5s

aslo6 1

asl7 1

asl8& 1 1

asl9 1

as20 1

as21 1

as22 1

as23 1

as24 1

as25 1

as26 1

as27 1

as28 1

as29

as30

as31

3 4 1 2 3 1 19
2 1 1

w#w%
=

—

—

—
b e e ek e e ek ek ek e ek e e DN b e e e e e e e = O DD = = =

n 14 15 8 7 6 5 5 65
S 17 15 4 3 8 4 3 60
Nhap 11 10 5 4 6 4 3 5 31
h 0.956 0914 0.857 0.714 1.000 0.900 0.700 1.000 0.886
T 0.006 0.005 0.002 0.002 0.005 0.003 0.003 0.005 0.004

A\ N = = =

* Abbreviation of sampling locations refer to Table 3.1
n: number of sequences;

S: number of segregating sites;

Niap: number of haplotypes;

h: haplotype diversity;

7: nucleotide diversity.
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Table 4.14: Haplotype compositions and summary of molecular diversity in

Acetes japonicus collected in this study.

Sampling location*

Haplotype KK KG TBIG Total
ajl 1 3 2 6
aj2 1 2 4 7
n 2 5 6 13
S 1 1 1 1
Noap 2 2 2 2
h 1.000 0.600 0.533 0.539
T 0.002 0.001 0.001 0.001
* Abbreviation of sampling locations refer to Table 3.1
n: number of sequences;
S: number of segregating sites;
Npgp: number of haplotypes;
h: haplotype diversity;
7: nucleotide diversity.
Haplotype
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Figure 4.17 Haplotype distribution of Acetes japonicus collected in this study.

* sampling locations
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Table 4.15: The haplotype compositions and summary of molecular diversity
in Acetes sibogae collected in this study.

Sampling location *

Haplotype SGKB XS Total
asil 5 6 11
asi2 1 - 1
n 6 6 12
S 52 0 52
Y hap 2 1 2
h 0.333 0.000 0.167
T 0.031 0.000 0.016
* Abbreviation of sampling locations refer to Table 3.1
n: number of sequences;
S: number of segregating sites;
Npgp: number of haplotypes;
h: haplotype diversity;
7: nucleotide diversity.
Haplotype

asil

asil
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|
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-
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Figure 4.18 Haplotype distribution of Acetes japonicus collected in this study.
* sampling locations
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4.8.2 Haplotype Network

In the statistical parsimony network computed in TCS (Figure 4.19), both the
Acetes indicus and A. sibogae formed two separate networks. For A. indicus,
the clade ai-II haplotypes could not be parsimoniously connected to the ai-/
clade network according to a 95% significance criterion, and the corresponding
sequences were separated by at least 44 mutational steps from ai-I clade
haplotypes. Similarly, the haplotype asi2 was separated by 52 mutation steps
from the haplotype asil. For A. japonicus, both ajl and aj2 haplotypes were

connected.

The network for A. serrulatus (Figure 4.18b) was unique, with sequences
differing by as many as nine substitutions able to be connected in a
parsimonious fashion with 95% probability. The network exhibited a star-like

shape, with most haplotypes connected to a single common haplotype (as/).
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Figure 4.19: Parsimony network of (a) 4. indicus (b) A. serrulatus (c) A.
japonicus and (d) 4. sibogae based on 552 bp of COI amplified in this study.
Each oval represents a haplotype, and the haplotype in a square has the highest
outgroup probability. The size of the oval or square corresponds to the
haplotype frequency. The haplotype abbreviations correspond to the
haplotypes as reported in Table 4.12—4.15, and the number in parentheses
correspond to the frequency of the haplotype. Small circles indicate the
number of mutational changes among haplotypes.

105



4.8.3 Population Structure

AMOVA results for each Acetes species are reported in Table 4.16. For Acetes
indicus, significant population differentiation was observed (@sr= 0.755; P =
0.000), with 75.50% of the molecular variance owing to variance among the
sampling locations. Besides, AMOVA also revealed significant differentiation
between the two clades (@st= 0.992; P = 0.000). Approximately 99.20% of
the genetic variation was between clades ai-/ and ai-II and variation within the
clade explained the rest (0.81%). The pairwise @gr statistics (Table 4.17) for
KK and KG with other populations were high and statistically significant, with
the exception of PSETT. In contrast, @gr estimates between PSETT and all
other populations were highly significant. All other pairwise comparisons
showed low or negative @sr, with no significant differences. The Mantel Test
indicated that there was no correlation between ®sr estimatesand geographical

distance (r = 0.106, P > 0.05).

For the remaining three species, AMOVA analysis (Table 4.16) revealed that
100% of the genetic variation was present within sampling populations and the
overall &gy value was not significant for A. serrulatus (@st= -0.0184; P =
0.785), A. japonicus (Pst= - 0.203; P = 0.763) and 4. sibogae (Dsr= 0.000; P
= 1.000), respectively. The pairwise @sr values (Tables 4.18 — 4.20) were
generally low and were statistically significant (P > 0.05) for A. serrulatus (-
0.062 — 0.110), 4. japonicus (-0.504 — -0.060) and A4. sibogae (0.000). In
addition, none of the pairwise ®gr values for these three species showed

significant results.
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Table 4.16: Analysis of Molecular VAriance (AMOVA) for Acetes indicus, A. serrulatus, A. japonicus, and A. sibogae.

Analysis Source of variation d.f. Sum of Variance Perceptgge of Fixation index P value
squares components variation
Acetes indicus Among populations 10 455.260 6.92165 75.46 Dgr=0.755 0.000 + 0.000
Within populations 58 130.537 2.25064 24.54
68 585.797 9.17229
Acetes indicus Among clade 1 573.519 22.37565 99.19 Dgr=0.992 0.000 + 0.000
(clade ai-I and ai-IT) Within clade 67 12.278 0.18326 0.81
68 585.897 22.55891
Acetes serrulatus Among populations 7 7.059 -0.02119 -1.84 D =-0.0184 0.785 + 0.00402
Within populations 57 66.987 1.17521 101.84
64 74.046 1.15402
Acetes japonicus Among populations 2 0.197 -0.05115 -20.28 Dsr=-0.203 0.763 £ 0.00402
Within populations 10 3.033 0.30333 120.28
12 3.231 0.25218
Acetes sibogae Among populations 1 4.333 -0.00000 -0.00 @1 = 0.000 1.000 £ 0.00000
Within populations 10 43.333 4.33333 100.00
11 47.667 4.33333
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Table 4.17: Pairwise @gr values (pairwise difference) among Acetes indicus sampling populations calculated from COI sequences using
Arlequin v 3.5.

Eggluplggfnl 1 SGT 2BPL 3BL 4 KK 5KG 6 TR 7SKC 8 TKR 9 PSETT 10 PKKP 11 SGK
1 SGT

2 BPL -0.0182 ™

3BL 0.0139™  0.000 ™

4 KK 0.997 **x 1.000 #*#%  0.804 *

5KG 0.997 *x 1.000 ** 0.820 ** 0.000 ™

6 TR 0.0476 ™ 0.0729™  -0.0574 ™ 0.991 ** 0.992 **

7 SKC 0.00129 ™ 0.000 ™ 0.000 ™ 0.996 ** 0.997 #** 00318 ™

8 TKR 0.00656 ™  0.0278 ™  -0.0232™ 0.996 ** 0.997 ** 0.0157 ™ 0.181™

9 PSETT 0.563 ** 0.546 ** 0.296 * 0.194™ 0.227™ 0.484 * 0.543 ** 0.519%*

10 PKKP 0.0198 ™ 0.0729™  -0.0523 ™ 0.996%* 0.996 ** -0.000 ™ 0.0107 ™ 0.00339™  0.489 *

11 SGK -0.0687 ™ 0.000 ™ -0.0553 ™ 1.000 ** 1.000 ** -0.000 ™ -0.0553 ™ -0.0345 ™ 0.492 * -0.000 ™

' Abbreviation for the sampling population as shown in Table 1
Significance level: ™ not significant; *0.01<P<0.05; **0.001<P<0.01; ***P<0.0001
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Table 4.18: Pairwise @g1 values (pairwise difference) among Acetes serrulatus sampling populations calculated from COI sequences using
Arlequin v 3.5.

Sampling 1 SGT 2 BPL 3BL 4 SKC 5 TKR 6 TRHU 7 PKKP 8 SGK
population1
1 SGT
2 BPL -0.0331™
3BL 0.0163 ™ -0.0185™
4 SKC 0.0183 ™ -0.0176™ 0.00943 ™
5 TKR -0.0487 ™ -0.0415™ -0.0141™ -0.0289™
6 TRHU 0.0380 ™ 0.00497 ™ 0.0382™ -0.0404 "™ -0.0103™
7 PKKP -0.0491™ -0.0620™ -0.0459™ 0.0360 ™ -0.0609 ™ 0.0625 ™
8 SGK -0.0607 ™ -0.0482"™ 0.0525"™ 0.0622 ™ -0.0397™ 0.110™ -0.0417 ™

! Abbreviation for the sampling population as shown in Table 1
Significance level: ™ not significant; *0.01<P<0.05; **0.001<P<0.01; ***P<0.0001



Table 4.19: Pairwise @gr values (pairwise difference) among Acetes japonicus
sampling populations calculated from COI sequences using Arlequin v 3.5.

Sampling 1 TBHG 2 KG 3KK
population’

1 TBHG

TKG -0.0605 ™

3 KK -0.404 ™ -0.504 ™

! Abbreviation for the sampling population as shown in Table 1
Significance level: ™ not significant; *0.01<P<0.05; **0.001<P<0.01; ***P<0.0001

Table 4.20: Pairwise @gt values (pairwise difference) among Acetes sibogae
sampling populations calculated from COI sequences using Arlequin v 3.5.

Sampling

population’ I SGKB 2KS
1 SGKB

2 KS -0.000 ™

' Abbreviation for the sampling population as shown in Table 1
Significance level: *0.01<P<0.05; **0.001<P<0.01; ***P<0.0001; ™ not significant.
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4.8.4 Neutrality Tests and Mismatch Analysis
The neutrality statistics, mismatch distributions, Harpending’s raggedness
index (), and sum of squared deviations (SSD) for COI data from A. indicus,

A. serrulatus, A. japonicus and A. siboage are shown in Figure 4.20.

For A. indicus (Figure 4.20a), none of the neutrality tests showed significant
results when the samples were pooled. However, when the neutrality test was
applied separately to clades ai-I (Figure 4.20b) and ai-II (Figure 4.20c), all
tests was significant for ai-/, while only R, was significant for ai-/I. The
neutrality tests applied to 4. serrulatus (Figure 4.20d) gave significant results,
in contrast with 4. japonicus (Figure 4.20e). For 4. sibogae, only Tajima’s D

was negative and highly significant (Figure 4.20f).

The mismatch distribution for 4. indicus (Figure 4.20a) was clearly bimodal
but did not differ significantly from the distribution expected under population
expansion (SSD = 0.112, P > 0.05). However, a unimodal distribution (Figure
4.20b and c) that did not differ significantly from the distribution expected
under population expansion was observed in each separate analysis for the two
clades ai-i (SSD = 0.112, P > 0.05) and ai-1I (SSD = 0.040, P > 0.05). Both
clades ai-I and ai-II showed similar results in which the peak of the mismatch
distribution for the number of nucleotide substitutions was close to zero (i.e.,
L-shaped mismatch distribution). Similarly, this was noted for A. serrulatus
(SSD = 0.004, P > 0.05) and A. japonicus (SSD = 0.032, P > 0.05) in Figure
4.20d and e. A bimodal mismatch distribution was observed for 4. sibogae

(Figure 4.201).
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Based on the 7 value computed in Arlequin v3.5, and the 1.40% and a 3.00%
mutation rates, the estimates of the time since the most recent sudden
population expansion for A. indicus clades ai-I and clade ai-II was
approximately 97,000 — 45,000 years ago, and for A. serrulatus was 61,000 —

28,000 years ago (Table 4.21).
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Figure 4.20: Mismatch distribution based on COI sequence from (a) A. indicus
(b) A. indicus, clade ai-I (c) A. indicus, clade ai-II (d) A. serrulatus (e) A.
japonicus (f) A. sibogae. The graph represents the observed mismatch
distribution from segregating sites of the aligned COI sequences. Dotted lines
show the observed distribution of mismatches, and solid lines show the
expected distribution under an expansion model. The numbers of pairwise
differences are given on the horizontal axis and their frequencies on the
vertical axis. Neutrality statistics (Tajima’s D, Fu’s F;, R,), sum of square
deviation (SSD) and Harpending’s Raggedness index () were reported as well.
(*0.01<P<0.05; **0.001<P<0.01; ***P<0.001; ™, not significant)
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Figure 4.20 (continued): Mismatch distribution based on CO! sequence from (a)
A. indicus (b) A. indicus, clade ai-I (c) A. indicus, clade ai-II (d) A. serrulatus
(e) A. japonicus (f) A. sibogae. The graph represents the observed mismatch
distribution from segregating sites of the aligned COI sequences.Dotted lines
show the observed distribution of mismatches, and solid lines show the
expected distribution under an expansion model. The numbers of pairwise
differences are given on the horizontal axis and their frequencies on the
vertical axis. Neutrality statistics (Tajima’s D, Fu’s Fs, R;), sum of square
deviation (SSD) and Harpending’s Raggedness index (r) were reported as well.
(*0.01<P<0.05; **0.001<P<0.01; ***P<0.001; ™, not significant).
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SII

Table 4.21: Result of mismatch distribution for Acetes indicus and A. serrulatus. Parameters of population expansion obtained from mismatch
distribution analyses include: age of expansion in units of mutational time (t), mutation parameter before (8y) and after (6;) the expansion in
units of mutational time, age of expansion (t) in years before present (B. P.) calculated using 1.40 % and 3.00 % pairwise sequence divergence
rate [95% confidence interval].

t* t*
Parameters estimated under the sudden expansion model (based on 1.40 % (based on 3.00 %

Species n mutation rate) mutation rate)

Mismatch Mismatch

observed observed Tau 0, 0,

mean variance
Acetes 52 0.306 0.253 3.000 0.000 0.421 97,049 [0.000 — 113,225] 45,290 [0.000 — 52,838]
indicus [0.000 — 1.551] [0.000 —3.500] [0.000 —0.007]  [0.000 —99999.000]
(clade ai-I)
A. indicus 17 0.559 1.137 3.000 0.000 0.203 97,049 [16,165 — 113,225] 45,290 [7,518 — 52,838]
(clade ai-II) [0.000 — 1.000] [0.498 —3.500] [0.000—-0.217]  [0.000 —99999.000]
A. serrulatus 65 2.314 5.719 1.908 0.004 99999.000 61,724 [40,308 — 82,460] 28,804 [18,810 — 38,481]
[1.445 —2.487] [1.246 —2.549] [0.000—0.438] [6.314 —99999.000]

n: sample size;
t*: expansion time based on two generation per year



CHAPTER 5.0

DISCUSSION

5.1 Sex and Species Identification

The sexes of Acetes sp. were distinguished prior to morphological species
identification. A pair of protuberances (genital coxae) between the third
pereiopods and first pleopods in males is a unique character for sex
identification. In addition, a petasma and lower antenullar flagellum with
spine(s) were observed in males, but were absent in females. Specimens
obtained for this study could be easily classified as Acetes indicus, A.
serrulatus, A. japonicus and A. sibogae, based on agreement with key
characters described by Omori (1975b) for the four species, respectively
(Figure 4.2-4.5). This is similar to the studies conducted by Amin et al,
(2011), Arshad et al., (2007), and Amin et al., (2008b), in which Acetes spp.
collected from Malaysian waters could all be differentiated into A. intermedius,
A. indicus, A. japonicus, A. intermedius, A. vulgaris, and A. serrulatus based

on key taxonomic characters identified by Omori (1975b).

The four Acetes species all showed distinctive form and structure for three
distinguishing morphological characters — the structure of the petasma and the
lower antennular flagellum in males, and the third thoracic sternite (basic of
third leg) in females (Figure 4.2—4.5). Observations here agreed with those of
Amin et al., (2011), Kemp (1917), Omori (1975b) and Tham (1955), and so
these three morphological characters are considered to be reliable and

distinctive specific identification characters for each taxon.
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5.2 Distributions of Acetes species

A. indicus was identified from most locations sampled in the current study.
This agrees with findings of previous studies, where A. indicus was reported
from the north-western regions of Peninsular Malaysia, including from
estuarine waters of Merbok River, Kedah (Amani et al., 2011c), Kuala Gula
(Amin et al., 2011), Matang mangroves in Perak (Fernandez-Leborans et al.,
2009), to the south-western regions: coastal waters of Klebang Besar in
Malacca (Amin et al., 2009a; Amin et al., 2009b; Amin et al., 2010a; Amin et
al., 2008a; Amin et al., 2009¢c) and Pontian in Johor (Oh et al., 2010). It should
be noted that the samples collected from earlier studies were from in-shore
regions and sampling had not been conducted from off-shore regions.
Importantly, in the current study, 4. indicus was identified for the first time

from off-shore regions at SGT, BPL, BL, TR, SKC, and TKR (Table 4.1).

For A. serrulatus, samples were identified from the central-western and the
south-western regions of Peninsular Malaysia (Table 4.1). Previously, this
species was reported in the in-shore waters of Pontian (Amin et al., 2011; Oh
et al., 2010) and Kukup (Oh et al.,, 2011) in the south-western region of
Peninsular Malaysia. Both are in-shore region as well. Thus, in current study,
A. serrulatus 1s reported for the first time to also be present in off-shore regions

in central-western Peninsular Malaysia.

Presence of A. japonicus and A. sibogae in the north-west of Peninsular

Malaysia in the current study (i.e., SGKB, KS, and TBHG) (Table 4.1) is

similar to reports of the same species in coastal and estuarine waters of Perlis,
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Penang, Kedah (Amani et al., 2011a; Amani et al., 2011b; Amani et al., 2011c;
Amin et al., 2011; Arshad et al., 2012; Pathansali, 1966) and Merbok and
Matang mangrove estuaries in Perak (Fernandez-Leborans et al., 2009;
Hanamura, 2007; Hanamura et al., 2007). Although, 4. japonicus had been
reported in the south-western region, including from Klebang Besar in Malacca
(Amin et al., 2010a; Amin et al., 2008a; Amin et al., 2009c; Amin et al., 2009d)
and Pontian in Johor (Oh et al., 2010), it was not detected at the south-western
region (i.e., PSETT, PKKP, and SGK) in the current study that may be due to a
different sampling strategy. As an example, samplings of Acetes spp. were
done fortnightly from April 2006 to March 2007 (Amin et al., 2008a) and
monthly from June to November, 2007 (Oh et al., 2010), but only sampled
once in PSETT, PKKP and SGK throughout the sampling period in current
study. In addition, a relatively lower sample size of Acetes spp. in current study,
(i.e., 40, 74, and 65 in PSETT, PKKP, and SGK, respectively) as compared to
a total of 804 specimens of Acetes spp. in Oh et al., (2010). So, it is very
possible that with our sampling frequency and low sample size might affected

the possibility of detecting 4. japonicus in this study.

5.3 Morphometric Analysis

5.3.1 Size Dimorphism with Sex

From the comparison of measurements between females and males of each
species (Table 4.2), females were significantly larger than males, suggesting
sexual dimorphism for adult size. These results is in agreement with the earlier
studies on other local populations of Acetes species (Acetes indicus, Amin et

al., 2009a; A4. japonicus, Amin et al., 2009d; A. intermedius, Arshad et al.,
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2007; A. chinensis, Oh and Jeong, 2003), as well as in some other shrimp
species, including the Jack-knife shrimp, Haliporoides sibogae (Ohtomi and
Matsuoka, 1998), Pacific white shrimp, Litopenaeus vannamei (Moss and
Moss, 2006), brown shrimp, Artemesia longinaris (Castilho et al., 2007) and
white prawn, Palaemon longirostris (Cartaxana, 2003). Although the
implications for sexual dimorphism in Acetes are still unknown, several
potential explanations have been proposed. A parallel situation is evident in the
sculptured shrimp (Sclerocrangon boreas), where onset of sexual maturity
occurs earlier in the males than in the females potentially leading to smaller
body size of males (Sainte-Marie et al., 2006). For the penaeid shrimp,
Trachysalambria curvirostris, fecundity of females increases exponentially
with body size, and the larger body size of females has been inferred by
Yamada et al., (2007) to be an adaptation to increase overall egg production.
This is similar to reports for the Baltic prawn (Palaemon adspersus) and
Mediterranean prawn (P. squilla), where larger body size of females provides
for higher egg carrying capacity (Berglund, 1981). Conversely, the smaller
body size observed in males provides some advantages by potentially reducing
the costs of locomotion (i.e., enhanced ability of finding and inseminating as

many females as possible) and predation pressure (Berglund, 1981).

5.3.2 Sex Ratio

According to Xiao and Greenwood (1993), the sex ratio of Acetes spp.
commonly deviates from a 1:1 ratio, in which females in general seem to occur
more frequently in catches than do males. In the current study, the sex ratio of

four Acetes species all deviated significantly from 1:1 as well. Sex ratios for 4.
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indicus, A. serrulatus, and A. japonicus favoured of females over the sampling
period, while that of 4. sibogae was favoured of males. Earlier studies showing
that higher proportions of females were also observed for A. indicus, A.
intermedius, A. japonicus, A. chinensis (Amin et al., 2009b; Amin et al., 2010b;
Arshad et al., 2007; Oh and Jeong, 2002; Oh and Jeong, 2003; Zhong et al.,
2001). In contrast, a male-biased sex ratio in A. sibogae also noted for A.
vulgaris in Pontian, Johor, Malaysia (Arshad et al., 2008), and for A.

intermedius in Bintulu, Sarawak, Malaysia (Amin et al., 2008b).

A skewed sex ratio can be related to a number of potential factors, including
differential growth rates, mortality, and behavior of the different sexes in
shrimp populations. As shown by Oh and Jeong (2003), faster growth rate of
females can bias proportions toward females in catches (i.e., the proportions of
females increased logistically with carapace length), because their greater
average size results in higher mesh-size selection and thus dominance in
fishery catches. During the spawning season, females may be more common
than males (Zhang, 1992) due to different mortality rates between the sexes
after spawning. The life span is also shorter in males compared with females
by 15-30 days (Lei, 1984). Both of these situations can lead to higher
abundances of females. In addition, a skewed sex ratio may result from ‘spatial
sexual segregation’ (Xiao and Greenwood, 1993), as has been reported for the
female to male ratio of A. chinensis in Laizhou Bay and southern Pohai that
appear to increase logistically with total body length from slightly over 30% at
a body length of about 6 mm to unity at a body length of about 34 mm (Zhang,

1992).
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5.3.3 Comparison between In-shore and Off-shore Samples

Some species of Acetes have been shown to migrate between different habitats
(i.e., in-shore and off-shore) in order to complete their life cycle (Xiao and
Greenwood, 1993) as demonstrated for 4. japonicus in the Ariake Sea, Japan
(Omori, 1975b), A. chinensis in the western areas of the Bohai Sea (Feng et al.,
1982) and in-shore waters of southern Zhejiang in China (Shi, 1986). Shrimps
apparently move shoreward to spawning grounds (i.e. shallow, in-shore areas,
coasts and estuaries) for spawning, and subsequently leave in-shore areas to
wintering grounds (i.e., deep waters, off-shore areas) at the end of autumn.
Thus, the significant differences between in-shore and off-shore samples
observed here for A. indicus and A. serrulatus observed in this study (Table 4.3)
could result from temporal migrations of Acetes species between different
habitats. The size ranges of A. indicus collected from in-shore areas were
generally smaller than off-shore areas and this may reflect the fact that the
young A.indicus adults and juveniles that were heading to deeper coastal
waters after growing up in estuaries and mangrove swamps. Conversely, since
the sizes of 4. serrulatus collected in-shore were larger than off-shore samples,
the in-shore samples could be gravid or fertilized adult females that were
heading to estuaries and mangroves in order to lay their eggs. In addition,
migration between in-shore and off-shore habitats might be affected by food
availability and environmental factor (i.e., rainfall) as well (Chiou et al., 2000).
The adults of A. intermedius were reported to migrate from estuaries to deeper
off-shore in the summer (i.e., when river discharges increased due to heavy
rainfall) and this behavior may reduce competition for food between adults and

their offspring.
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5.3.4 Comparison among Species

In this study, size range of A. indicus was the largest of the species examined

here (Figure 4.9, Table 4.4) and was also within the size range reported for A.

indicus individuals collected from Klebang Besar near Malacca in Malaysia

(Amin et al., 2009a; Amin et al., 2009b). Pathansali (1966) and Holthuis (1980)
reported that 4. japonicus was the smallest of the Acetes recorded in Peninsular
Malaysia, as was the same here. To date, data on morphometric variation in
Acetes spp. is only available from local populations of Malacca (Amin et al.,

2010a) that reported significant differences among A. japonicus, A.

intermedius and A. indicus population detected for the measurements of total

length and carapace length.

5.4 Length-Weight Relationships (LWRs) and Length-Length
Relationships (LLRs)

Hypothesis testing of b value against isometric growth use the #-test instead of
normal distribution (z-test) on similar studies not only shrimp and prawn
(Abohweyere and Williams, 2008; Arshad et al., 2007; Cartaxana, 2003; Diaz
et al., 2001; Gokoglu et al., 2008; Mgaya and Teikwa, 2003; Pérez-Castafieda
and Defeo, 2002; Ragonese et al., 1997; Thessalou-Legaki and Kiortsis, 1997;
Xu and Abdul Ghaffar, 1995), but also fish (Anastasopoulou et al., 2006;
Aslan et al., 2004; Ayoade and Ikulala, 2007; Barbieri et al., 1994; Bektas et
al., 2008; Joyeux et al., 2009; Kallianiotis et al., 2005; Mata et al., 2008;
Morey et al., 2003; Patimar et al., 2009; Santos et al., 2002; Torcu-Kog et al.,
2006; Veiga et al., 2009). In addition, Sokal and Rohlf (1987) and Zar (1999)

also recommend the use of the #-test for such studies.
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The b value is used in LWRs as an indicator of growth type (i.e., to determine
whether deviation from isometric growth had occurred) and it normally falls
between 2.5 and 3.5 (Binohlan and Pauly, 2000; Pauly, 1984). In this study,
the estimated b values of LWR ranged from 2.432 to 3.403 (Table 4.6). This is
similar to earlier studies of LWR of Acetes spp. in the coastal waters of
Malaysia (Amani et al., 2011b; Amin et al., 2009b; Amin et al., 2009d; Amin
et al., 2008b; Arshad et al., 2012; Arshad et al., 2007; Arshad et al., 2008) and
in some other geographical locations (Deshmukh, 2002; Ikeda and Raymont,
1989; Lei, 1988; Uye, 1982; Zafar et al., 1998a; Zafar et al., 1998b; Zafar et al.,
1997), in which b values for the genus Acetes ranged from 2.155 to 3.472.
Values of b < 2.5 or b > 3.5 are often derived from samples with narrow size
ranges (Froese, 2006; Froese and Pauly, 2011). This pattern can also indicate
either an over-proportional increase in length relative to growth in weight (b <
2.5) or an over-proportional increase in weight relative to growth in length (b >

3.5) (Froese, 2006).

Differences in LWR between the in-shore and off-shore groups of both species
(Table 4.7) could be due to presence of at least two cohorts representing two
annual generations with different life stages. This is because Acefes species are
known to have spawning peaks twice a year (Amin et al., 2009d; Oh and Jeong,
2003), and undergo seasonal migration between shallow in-shore and deeper

off-shore waters at different life stages (Chiou et al., 2000).

Variation in @ and b vary with the size range of the samples (Froese and Pauly,

2011). Thus, the use of LWR should strictly be limited to the size ranges
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applied when estimating regression parameters (Dul¢i¢ and Kraljevi¢, 1996;
Froese and Pauly, 2011; Gongalves et al., 1997; Morey et al., 2003; Muto et al.,

2000; Petrakis and Stergiou, 1995).

5.5 (COI Sequence Variation

High A+T content and positional biases, e.g., slight bias against cytosine
(17.3%) in the first position, in favour of thymine (45.7%) in the second
position and substantial bias against guanine (2.9%) in the third position of
mitochondrial COI gene fragment was found in all Acefes indicus, A.
serrulatus, A. japonicus, A. sibogae individuals analysed in this study (Table
4.10). This pattern of base composition is similar to the COI gene region
sequences in other groups of crustaceans, including Raymunidae (Macpherson
and Machordom, 2001), Portunidae (Chu et al., 1999; Pfeiler et al., 2005),
Bresiliidae (Shank et al., 1999), Gammaridae (Meyran et al., 1997), as well as
some Penaeid shrimp species (Baldwin et al., 1998; Maggioni et al., 2001;

Quan et al., 2004; Tong et al., 2000; Zitari-Chatti et al., 2009).

With respect to the amino acid substitutions, COI is considered to be one of the
most conservative genes in the mitochondrial genome (Black et al., 1997) and
thus only three amino acids substitution was detected in this study. The
translation of the 552 bp of COI gene fragment resulted in a sequence of 184
amino acids without in-frame stop codons or indels. Together with the patterns
of base composition and base substitutions as discussed above, these
observations showed that the COI gene fragment amplified in this study was

not a nuclear mitochondrial pseudogenes (Numts; Bensasson et al., 2001; Song
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et al., 2008; Zhang and Hewitt, 1996) that have been reported in crustaceans,
including in the snapping shrimp, A/pheus (Williams et al., 2002; Williams and

Knowlton, 2001).

5.6 Interspecific Variation of Acetes sp. and Cryptic Diversity

From the phylogenetic trees inferred from the COI sequence (Figure 4.13—
4.14), it is evident that four distinct clades could be clearly identified from NJ,
MP, ML and BI. All clades were monophyletic and supported by high BS and
PP that correspond with the four different Acefes species identified
morphologically using the taxonomic keys of Omori (1975b). This proves that
the COI molecular trees and species identification based on morphological
characters provided by Omori (1975b) are congruent. Besides that, the aligned
552 bp of COI sequence showed a divergence range of 14.69% to 20.47%
among the four Acetes species in current study (Table 4.11). This level of
sequence divergence is similar to those reported in Penaeus (8.00-24.00%;

Baldwin et al., 1998), and Metapenaeus (6.10-19.90%; Tong et al., 2000).

In general, morphologically defined species stand up well to molecular
characterisation, but do not reveal all of the variation that is present, implying
that cryptic diversity is present in at least two taxa (i.e., A. indicus and A.
sibogae). Evidence for cryptic diversity comes from the extent of the genetic
distance between clades. Although sequence divergence between clades ai-/
and ai-II (i.e., 8.94%) and clades asi-I and asi-II (i.e., 10.30%) remain lower
than interspecific COI — divergences of Acetes species in current study (Table

4.11), however, these divergences of similar magnitude have been considered
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of a cryptic or sibling species (i.e., morphologically indistinguishable, but
genetically distinct) (Bickford et al., 2007; Knowlton, 1986; Pfenninger and
Schwenk, 2007) in other decapods species. For example, 6—8% between two
cryptic species of kuruma shrimp, Penaeus japonicus (Tsoi et al., 2007; Tsoi et
al., 2005), 2-5% between two sibling Alpheus species, A. angulatus and A.
armillatus (Mathews et al., 2002). Besides that, indication of cryptic speciation
was also revealed via COI sequence analysis of two morphologically
indistinguishable clades within Fenneropenaus (Penaeus) merguiensis that had
average sequence divergences of 5% (Hualkasin et al., 2003). Alternatively,
the COI haplotypes grouped into two disconnected statistical parsimony
network at the 95% connection limit. As suggested by Hart and Sunday (2007)
and Chen et al., (2010), statistical parsimony networks separated by more than
the parsimony connection limit would be indicating the presence of cryptic
species. So, while it is not really possible to recognise cryptic taxa formally
using mtDNA marker (due to maternal inheritance), both the evidence would
suggested that there are cryptic taxa present in A. indicus and A4. sibogae, and
they have been evolving independently for a significantly period of

evolutionary time (Table 4.11).

5.7 Intraspecific Variation Analysis of Acetes sp.

5.7.1 Patterns of Genetic Differentiation

The actual magnitude and geographical range of dispersal in Acetes is
unknown. However it may be relatively high as the species in the genus pass
through long planktonic larval stages (i.e., about 6 weeks) before

metamorphosing to the more benthic juvenile stage (Rao, 1968), followed by
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subadult and adult stage. Lower levels of genetic differentiation would be
expected in the marine environment, as species with planktonic larval phases
are assumed to possess higher levels of dispersal potential coupled with an
absence of physical barriers to movement between ocean basins or adjacent
continental margins (Arndt and Smith, 1998; Bernardi, 2000; Collin, 2001;
Dufty, 1993; Hellberg, 1996; Hoskin, 1997; McMillan et al., 1992; Palumbi,

1992; Wilke and Davis, 2000).

Acetes indicus does not conform to this pattern and shows genetic
differentiation among its sampling populations. Results of AMOVA analysis
revealed significant population differentiation among populations (Table 4.16).
High and significant pairwise population differentiation was found between
PSETT, KK, KG and other sampling populations (Table 4.17). In contrast,
non-significant population differentiation among the sampling populations was
observed in A. serrulatus, A. japonicus and A. sibogae with none of the
pairwise comparisons showing significant differentiation (Table 4.18—4.20).
Moreover, some of the @gr values are negative, indicating that the variation
within samples was greater than the variation between populations (Lessios et
al., 1998). However, the result of A. japonicus and A. sibogae may be biased
due to the low number of populations analysed using AMOVA (i.e. three
populations in A4. japonicus and two populations in A. sibogae) and low
sequence numbers in pairwise Psr (i.e. two sequences in KK) (Fitzpatrick,

2009).
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The difference in genetic differentiation patterns among species suggests that
they may have different demographic histories (McMillen-Jackson and Bert,
2003). Due to the limited number of A. japonicus and A. sibogae specimens,

demographic history was only discussed for 4. indicus and A. serrulatus.

5.7.2 Demographic History of Acetes indicus

For A. indicus, the observed genetic structure appears to reflect the historical
gene flow between geographically separated populations rather than on-going
gene flow (Benzie, 1999; Palumbi, 1997). The moderate haplotype diversity (%
=0.552) and high nucleotide diversity (z = 3.121%) (Table 4.12) is indicative
of past evolutionary processes, suggesting either to secondary contact between
historically isolated populations or stable populations with large, long-term

effective population sizes (Grant and Bowen, 1998).

According to Voris (2000), the region around the Sunda and Sahul shelves
experienced fluctuations of sea-levels in the past, and during low sea-levels,
more land was exposed and thus forming broad geographical barriers that
partly isolated the Indian Ocean from the West Pacific and enclosed the South
China Sea, Sulu Sea, and Sulawesi Sea. Sea-level changes may have
temporarily isolated populations belonging to species occurring in this region
and restricted the gene flow among some populations. Consequently, the
fragmented subpopulations may have evolved separately in the South China
Sea and the Indian Ocean or Arabian Sea, forming distinct clades among the
isolated regions. When sea levels rose, the sea waters reconnected, allowing

secondary contact between the distinct clades. As noted from the geographical
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distribution of A. indicus which occurs in the central part of Indo-West Pacific
(Chan, 1998; Holthuis, 1980; Omori, 1975b; Xiao and Greenwood, 1993), this
species most probably experienced such a scenario in the past. Two distinct
clades of A. indicus (ai-I and ai-II) obtained by Neighbour-joining (NJ) tree
and the amount of nucleotide divergence between clades ai-I and ai-II indicate
early Pliocene to late Miocene divergence (i.e., 2.98 — 6.39 MYA). This
suggests a long-term historical isolation of A. indicus populations. The mixture
of haplotypes found in the BL (Bagan Lipas) and PSETT (Portuguese
Settlement) populations may reflect secondary contact between clades ai-/ and

ai-11.

During the last-glacial maximum (LGM), around 18,000-20,000 years ago, the
sea level dropped to about 120 m below the present level in Southeast Asia
(Hanebuth et al., 2000). This exposed parts of the Sunda Shelf, including the
Straits of Malacca where the samplings for this study were conducted. The
LGM would have caused local extinctions in the area, hence limiting the
distribution of A. indicus in the Straits of Malacca. Furthermore, over the past
million years, there have been as many as 10 major Pleistocene sea-level
fluctuation events, during which a large part of the Sunda Shelf and the Straits
of Malacca were exposed (Pillans et al., 1998). These sea level fluctuations
may have contributed to local extinction events, of which the latest might have
taken place during the LGM. Therefore, the sampling sites might not contain
large and stable populations. This indirectly supports the presence of
differentiated populations which became connected again when sea levels rose

after the LGM, i.e. secondary contact.
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It is worth noting here, however, that when clades ai-/ and ai-II were analysed
separately, low haplotype diversity and nucleotide diversity (clade ai-I: h =
0.286 and 7 = 0.05%; clade ai-II: h = 0.228, = = 0.10%) were observed (Table
4.13). Low genetic variability can often reflects recent events of population
bottleneck events or founder effects by a single or a few mtDNA lineages
(Grant and Bowen, 1998). Although the NJ tree showed two deep clades for
the whole COI data, both clades ai-I and ai-II showed shallow phylogeny
which is consistent with a population expansion after bottleneck (Slatkin and
Hudson, 1991). This is supported by both the mismatch analysis and neutrality
test statistics (Figure 4.20b and c¢). A unimodal mismatch distribution with a
steeper wave that was observed for both clades (i.e., L-shaped) (Figure 4.20b
and c) has been reported in other shrimp studies, including in Chinese shrimp,
Fenneropenaeus chinensis (Li et al., 2009), red shrimp, Aristeus antennnatus
(Roldén et al., 2009) and karamote prawn, Melicertus (Penaeus) kerathurus
(Pellerito et al., 2009), and such a pattern is indicative of population
expansions from a smaller initial population and recent bottlenecks (Frankham
et al., 2002; Rogers and Harpending, 1992). The population expansion for each
clade is further supported by the non-significant value of sum of squared
deviation (SSD) and Harpending’s raggedness index (r) (clade ai-I: SSD =
0.112, P> 0.05; »=0.2618, P > 0.05 and clade ai-II: SSD = 0.0399, P > 0.05;
r=0.6075, P> 0.05) (Figure 4.20b and c). Furthermore, Tajima’s D and Fu’s
F statistics are sensitive to the factors such as bottlenecks or population
expansion that tends to drive Tajima’s D and Fu’s F; estimates towards more
negative values (Aris-Brosou and Excoffier, 1996; Fu, 1997; Rand, 1996;

Tajima, 1989), as seen in clades ai-/ and ai-II. However, only the R, test

130



showed a significant value as it is a more sensitive test statistic for detecting
population growth with small sample sizes (Ramos-Onsins and Rozas, 2002).
It has been inferred that the main clades seemed to be generated by population
expansion and isolation with change of the sea levels and/or sea environment
such as water temperature or currents during glacial periods in Pleistocene in
many marine invertebrates and vertebrates (Palumbi, 1994; Uthicke and
Benzie, 2003; Wang et al., 2008). In such a case, a strait, which was once
closed as a land bridge or isthmus in glacial periods, likely remained as a
border separating distinct lineages. Subsequently, once climatic conditions
were restored, contact was resumed between the differentiated populations.
This model could support an hypothesis of “secondary contact between

historically isolated populations” in 4. indicus.

5.7.3 Demographic History of Acetes serrulatus

High haplotype diversity (2 = 0.886) and low nucleotide diversity (x = 0.42%)
were noted in the 552 bp of COI gene fragment among the 4. serrulatus in this
study (Table 4.13). Similar observations were found in several other marine
species, such as the six bar wrass, Tallasoma hardwicki (Chen et al., 2004),
European eel, Anguilla Anguilla (Daemen et al., 2001), neon damselfish,,
Pomacentrus coelestis, (Liu et al., 2008), sea spotted bream, Pagellus
bogaraveo (Stockley et al., 2005), as well as penaeid shrimp, including
Chinese shrimp, Fenerropenaeus chinensis (Kong et al., 2010), red shrimp,
Aristeus antennatus (Maggio et al., 2009), and karamote prawn, Melicertus
(Penaeus) kerathurus (Pellerito et al., 2009). Such a combination of genetic

variability suggests that the populations of A. serrulatus probably underwent
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‘population bottlenecks followed by rapid population growth and accumulation

of mutations’ (Avise et al., 1984; Grant and Bowen, 1998).

The low 7 value reflects the low divergence between individuals (as suggested
also by the short branch lengths on the NJ phylogenetic trees) together with the
shallow phylogeny of the NJ tree (Figure 4.13—4.14) is consistent with a
population expansion event after a period of low effective population sizes
caused by bottlenecks or founder effects (Slatkin and Hudson, 1991). Negative
and significant value of Tajima’s D (D = -2.0787, P < 0.01), Fu’s F; (F = -
31.7964, P < 0.001) and significant value of R, (R, = 0.0314, P < 0.001)
(Figure 4.20d) indicated population expansion events (Aris-Brosou and
Excoffier, 1996; Fu, 1997; Ramos-Onsins and Rozas, 2002). Moreover, the
network revealed by TCS (i.e., can be viewed as star-like shape pattern),
unimodal mismatch distribution (SSD; P < 0.05), low and non-significant of
Harpending’s Raggedness index (») further support recent population

expansion (Rogers and Harpending, 1992; Slatkin and Hudson, 1991).

Population expansion usually generates an excess of rare mutations and
therefore, an excess of singletons (Avise et al., 1984; Jorde et al., 2001;
Ramos-Onsins and Rozas, 2002; Rogers and Harpending, 1992; Slatkin and
Hudson, 1991). This is observed in the high 4, which was due to the presence
of many haplotypes, of which 26 out of 31 (84 %) were rare and represented
by single individuals (Table 4.13). Besides, the star-like shape network (Figure
4.19) with few frequent haplotypes and a large number of haplotypes separated

by only one or few mutations (i.e. most of the segregating sites were
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singletons—17 out of the 31 variable site sites were singleton variable sites), are
compatible with this expectation. These findings would, add support to the

hypothesis of population expansion in A. serrulatus.

As seen in A. indicus, it is suggested that population of A. serrulatus also
undergone late-Pleistocene expansion, possibly related with the rising of the
sea-level (Table 4.11). This is similar to the pink shrimp, Farfantepenaeus
duorarum (McMillen-Jackson and Bert, 2004), whiskered velvet shrimp,
Metapenaeopsis barbata (Chu et al., 2012) and fleshy prawn, Fenneropenaeus
chinensis (Kong et al., 2010). During the Pleistocene sea-level fluctuation
period of the past 150,000 years (Voris, 2000), sea levels fluctuated repeatedly
and would not be optimal for Acefes shrimps. As an example, the Sunda Shelf
including Malacca Straits was exposed and the disappearance of habitat had
restricted A. serrulatus to the relatively limited areas, and this could have
resulted in population bottlenecks. When the conditions improved (i.e., the
rising of sea-level), the populations that retreated to the surrounding refugia
during unfavourable conditions would rapidly expand their ranges. So,
geographic ranges and population sizes of these 4. serrulatus may have
changed (Hewitt, 1996), resulting in the genetic signatures of population
expansion that we observed. The estimates of the time since the most recent
population expansion event for populations of A. serrulatus took place
approximately 61,000-28,000 years ago (Table 4.11), suggest consistency with
a sea level rise since the late Pleistocene (Geyh et al., 1979; Hanebuth et al.,

2000; Voris, 2000).
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CHAPTER 6.0

CONCLUSIONS

In this study, Acetes spp. collected from the in-shore and off-shore regions of
the west coast of Peninsular Malaysia were morphologically identified as
Acetes indicus, A. serrulatus, A. japonicus, and A. sibogae. Morphometric
analysis showed significant differences between the sexes of each species,
between in-shore and off-shore catches of A. indicus and A. serrulatus, and
among and between the four species. Length-weight relationships estimated in
this study were significant and provided the first reference on morphometric
data and LWRs for A4. indicus and A. serrulatus obtained from the off-shore
regions of Peninsular Malaysia. For interspecific variation among species, high
genetic divergence was observed (14.69%—20.47%). Four distinct clades were
consistently produced from Neighbour-joining, Maximum Pasimony,
Maximum Likelihood and Bayesian Inference trees, supported by high
bootstrap and posterior probabilities that corresponded with the four different
Acetes species identified morphologically. Besides that, cryptic diversity is
present in A. indicus and A. sibogae. Furthermore, significant genetic
differentiation was found among populations of A. indicus but such
differentiation was not supported in the other three species. The differences
between the patterns of genetic differentiation, combination of neutrality tests
and mismatch analysis suggest that A. indicus and A. serrulatus may have had
different demographic histories, which are secondary contact between
historically isolated populations, and historical population bottlenecks

followed by rapid population growth, respectively. The estimated time since
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expansion for both clades of 4. indicus and A. serrulatus was 97,000— 45,000

years ago and 61,000-28,000 years ago, respectively.
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Appendix A

Critical values of the 7 Distribution (Zar, 1999)

a(2): 0,50 020 010 0.05 0.02 001 0.005 0,002 0.001

v a(l); 0,25 010 005 0.025 001 0.005 0.0025 0.001 0.0005
1 1000 3.078 6314 12706 31821 63.657 127321 318.309 636.619
2 0.816 1.886 2920 4303 6965 9925 14.089 22327 31,599
3 0.765 1.638 2353 3182 4541 5841 7453 10,215 12,924
4 0741 1,533 2132 2776 3747 4604 5508 7173 8610
5 0727 1476 2015 2571 3365 4032 4973 5893 6.869
6 0718 1440 1943 2447 3143 35907 4317 5.208 5.959
7 Q711 1415 1895 2365 2998 3499 4029 4,785 5.408
8 0706 1.397 1.860 2306 2896 3,355 3.833 4501 5041
9 0703 1383 1.833 2262 2821 3250 3.690 4297 4781
10 0700 1372 1812 2228 2764 3169 3581 4144 4587
11 0697 1363 1796 2201 2718 3106 3497 4025 4437
12 0695 1356 1.782 2,179 2681  3.055 3428 3930 4318
13 0694 1350 1771 2160 2650 3012 3.372 3852 4221
14 0692 1345 1761 2145 2624 2977 3326 3787 4140
15 0.691 1.341 1.753 2131 2602 2947 3286 3733 4073
16 0,690 1337 1746 2,120 2583 2.921 3.252 3686 4015
17 0,689 1,333 1740 2110 2567 2.808 3222 3646 3,965
18 0.688 1330 1734 2101 2552 2878 3,197 3610 3022
19 0.68B8 1328 1.729 2093 2539 2861 3174 3579  3.883
20 0.687 1325 1.725 2086 2528 2845 3153 3552 3.850
21 0.686 1323 1721 2,080 2518 2831 3.135 3.527 3.819
22 0686 1321 1717 2074 2508 2819 3119 3.505 3,792
23 0.685 1319 1714 2060 2500 2807  3.104 3.485 3,768
24 0.685 1318 1711 2.064 2492 2797 3.001 3.467 3,745
25 0.684 1316 1,708 2,060 2485 2787 3.078 34530 3725
26 0.684 1315 1700 2036 2479 2779 3067 3435 3.707
27 0.684 1314 1703 2,052 2473 2771 3.057 3421 3.690
28 0683 1313 1701 2048 2467 2763 3.047 3408 3674
29 0.683 1311 1699 2045 2462 2756 3.038 3396 3650
30 0.683 1310 1697 2042 2457 2750 3.030 3.385 3646
31 0682 1.309 1.696 2040 2453 2744 3,022 3375 3.633
32 0.682 1309 1.694 2037 2449 2738 3015 3.365 3.622
33 0.682 1308 1.692 2035 2445 2733 3008 3356 3611
34 0.682 1307 1.691 2032 2441 2728 3002 3348 3001
35 0.682 1306 1.690 2.030 2438 2724 2906 3340 3591
36 0.681 1,306 1688 2,028 2434 2719 2990 3333 3582
U 0,681 1305 1.687 2,026 2431 2715 2985 3326 3574
38 0,681 1304 1686  2.024 2429 2712 2980 3319 3566
19 0.68] 1304 1685 2,023 2426 2708 2976 3313 3.558
40 0.681 1.303 1684 2.021 2423 2704 2971 3.307 3.551
41 0631 1303 1.683 2,020 2421 2701 2,967 3.301 3.544
42 0.680 1302 1.682 2018 2418 2698 2,963 3206 3538
43 0.080 1302 1.681 2017 2416 2695 2.959 3.201 3.532
a4 0.680 1301 1.680 2015 2414 2692 2.956 3286 3526
45 0.680 1301 1679 2014 2412 2.690 2952 3.281 3.520
a6 0.680 1300 1679 2013 2410 2.687 2.049 3277 3515
47 0.680 1.300 1.678 2012 2408 2.683 2,946 3.273 3510
48 0680 1,299 1,677 2011 2407 2682 2943 3269 3508
49 o L0680 1299 1,677 2010 2405 2680 2,940 3265  3.500
50. © 0679 1299 1676 2009 2403 2678 2,937 3.261 3.496
52 0679 1298 1675  2.007 2400 2674 2932 3.235 3488
54 0.679 1297 1.674 2005 2397 2670 2927 3248 3480
56 0.679 1297 1673 2,003 2395  2.667 2923 3242 3473
58 0.679 1296 1672 2002 2392 2663 2918 3237 1,466
60 0.679 1296 1.671 2000 2390  2.660 2915 3232 3.460
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Appendix A (continued)

Critical values of the 7 Distribution (Zar, 1999)

a2y 0.50 0.20 0,10 005 0,02 0.01 0.005 0002 0001

¥ wl(l) 025 0,10 0,05 0.025 001 D005 00025 0001 0.0005

62 0.67%8 1205 1670 1,999 2388 2657 2911 3227 34N
%] 0678 1295 1669 1998 2386 2655 2908 3223 3449
6 0678 1205 1668 1997 2384 2652 2004 3218 344
[ 0678  1.204 1668 1995 2382 2650 2002 3214 34319
70 0678 1204 1667 1994 2381 2048 2899 3211 3435
72 0678 1203 1666 1993 2379 2646 2896 3207 3431
74 0678 1203 1666 1993 2378 2644 2804 3204 3427
76 0.678 1293 1665 1992 2376 2642 2891 3201 3423
78 0678 1202 1665 1991 2375 20640 2889 398 3420
80 0678 1202 1664 1000 2374 2639 2887 3195 3416
82 0677 1202 1664 1989 2373 2637 2835 3193 3413
b ] 0.677 1292 1663 1989 2372 2636 2883 3190 3410
86 0.677 1201 1663 1088 2370 24634 2881 1188 3407
24 0677 1201 1662 1987 2369 2633 2880 385 3405
40 0677 1201 1662 1987 2368 2632 2878 3183 3402
92 0677 1201 1662 1086 2368 2630 2876 3181 3399
04 0677 1201 1661 1986 2367 2620 2875 3179 3397
96 0.677 1290 1661 1985 2366 2628 2873 3177 3395
9% 0.677 1200 1661 1984 2365 2627 2872 3175 3393
100 0.677  1.200 1660 1984 2364 2626 2871 3174 3390
105 0677 1,200 1659 1983 2362 2623 2868 3170 3386
110 0677 1280 1659 1982 2361 2621 2865 3166 3361
115 0677 1,280 1658 1981 2350 2619 2862 3163 337
120 0677 1280 1658 1980 2338 2617 2860 3160 3373
125 0.676 1288 1657 1979 2357 2616 2858 3157 3370
130 0676 1288 1657 1978 2355 2614 2856 3154 3367
135 0676 1288 1656 1978 2354 2613 285 3152 31364
140 0.676 12885 1656 1977 2353 2611 2852 3149 136l
145 0676 1287 1655 1976 2352 2610 2851 3147 3350
150 0.676 1287 1655 1976 2351 2600 2840 3145 3357
160 0676 1287 1654 1975 2350 2607 2846 3142 3352
170 0676 1287 1654 1974 2348 20605 2844 3139 3349
180 0676 1286 1653 1973 2347 2003 2842 3136 3345
190 0676 1286 1653 1973 2346 2602 2.840 3034 3342
200 0676 1286 1653 1972 2345 2601 2.839 3131 3340
250 0675 1285 1651 1969 2341 2596 2832 3023 3330
300 0,675 1284 1650 1068 2339 2592 2828 3118 3313
350 0675 1284 1,649 1967 2337 2590 2825 3114 3319
00 0675 1284 1649 1966 2336 2588 2823 3011 3315
450 0675 1283 1648 1965 2335 2587 2821 3008 3312
500 0675 1283 1648 1965 2334 2586 2820 3107 3310
600 0.675 1283 1647 1964 2333 2584 2817 3104 3307
700 0675 1283 1647 1963 23327 2583 2816 3102 3304
800 0675 1283 1647 1963 2331 2582 2815 3100 3303
900 0675 1282 1647 1963 2330 2581 2814 3099 3301
1000 0675 1262 1646 1962 2330 2581 2813 3098 3300
00 06745 12816 1.6449+ 19600 23263 25758 28070 30902 32905
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Appendix B

Extraction of genomic DNA with i-genomic CTB DNA Extraction Mini
Kit (iNtRON Biotechnology, Inc., South Korea)

1 = Add 200 ul of Buffer CG,
10 ul of Proteinase K,
3 ul of RNase A Solution
and mix by vortexing vigorously

!

Incubate at 65°C for 10 ~ 30min
2 (invert the tube every 2min)

w Transfer 180 ~ 200 ul of supermnatant
3 to new 1.5 ml tube
. 'xé E'Iﬁ
Discard
4 o« Add 250 ul of Buffer CB
and mix by pipetting or
inverting gently for 5 ~ & times

Do Not Vortex

Spin down

for 5 ~ 6 times
Do Not Vortex

¢ Spin down
[

@I « Transfer the mixture to spin column
b

gi? Centrifuge at 13,000 rpm for 1 min

7

5 o Add 250 ul of 80% ethanol and mix
‘&% by pipetting or inverting gently

+/5
@ Discard

b

Place spin column into
a new 2.0 ml collection tube

%

l

= Add 700 ul of Buffer CW

NOTE :
Ensure that 40 m| of ethanol(EtOH)
has been added to Buffer CW

G? Centrifuge at 13,000 rpm for 1 min

“w Discard flow-through

Centrifuge at 13,000 rpm for 1 min
to dry the membrane

al -3

“‘h;‘%

Discard

o Transfer spin column to
new 1.5 ml tube

Np

# Add 100 ul of Buffer CE directly onto
the membrane

Incubate at room ternperature for 1min

Centrifuge at 13,000 rpm for 1min

Use as DNA template

-\
g Discard

<)<

Buffer CG: Lysis buffer; Buffer CB: Binding buffer; Buffer CW: Washing buffer. Buffer CW
are supplied as concentrate, add 40 ml of ethanol (96 ~ 100%) before use. Buffer CE is finally
10 mM Tris-HCI (pH 8.0). RNase A solution (20 mg/ml, stored at -20 °C) is completely free of
Dnase activity. Proteinase K solution (20 mg/ml, -20 °C): after thawing, freshly use.




Appendix C

Purification of PCR products with MEGAquick-spinTM PCR and
Agarose Gel DNA Extraction System (iNtRON Biotechnology, Inc., South
Korea)

Simple Protocol : Agaros gel Simple Protocol : PCR product

Prepare DNA band from agarose gel

ny

@ Weigh the sliced agaros gel

Add BNL Buffer as same as
5 times of PCR volume

»:
-

Transfer the sliced agarose gel to
1.5 ml tube

Prepare Spin Column to
Collection tube
Add BNL Buffer as same as

3 times of sliced gel volume.

Add Sample to Spin Column
Vortex and incubate at 50 ~ 55°C
for 10 min.

Centrifuge at 13,000 rpm/1 min.

Prepare Spin Column to discard .
Collection tube flow-through Add 700 #¢ of Washing buffer

_&@E e fm

Centrifuge at 13,000 rpm/1 min.

< 9 Calb—

Add Sample to Spin Column
Discard Collection tube

o
4—0(:[@

Centrifuge at 13,000 rpm/1 min.

Add 30 ~ 100 #¢ of Elution buffer

Discard and incubate for 1 min. at R.T

flow-through Add 700 £ of Washing buffer

Centrifuge at 13,000 rpm/1 min. Centrifuge at 13,000 rpm/1 min.

9 Ctn, 9 CHo,

Discard Spin column

pa - s

Discard Collection tube % -

Y

%‘—C@

Add 30 ~ 100 #£ of Elution buffer
and incubate for 1 min. at R.T

Centrifuge at 13,000 rpm/1 min.

Discard Spin column
A

Washing Buffer is supplied as concentrate. Add 40 ml (50 columns) or 160 ml (250 columns)
per each bottles of ethanol (96 ~ 100%) according to the bottle label before use. All buffers
(BNL buffer, Washing buffer and Elution buffer) are stored at room temperature.
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Appendix D

Invertebrate Mitochondrial Genetic Code (Librado and Rozas, 2009;
Rozas et al., 2003).

UUU Phe UCU Ser UAU Tyr UGU Cys

UUC Phe UCC Ser UAC Tyr UGC Cys

UUA Leu UCA Ser UAA #** UGA Trp

UUG Leu UCG Ser UAG *** UGG Trp

CUU Leu CCU Pro CAU His CGU Arg

CUC Leu CCC Pro CAC His CGC Arg

CUA Leu CCA Pro CAA GIn CGA Arg

CUG Leu CCG Pro CAG GIn CGG Arg

AUU Ile ACU Thr AAU Asn AGU Ser

AUC lle ACC Thr AAC Asn AGC Ser

AUA Met ACA Thr AAA Lys AGA Ser

AUG Met ACG Thr AAG Lys AGG Ser

GUU Val GCU Ala GAU Asp GGU Gly

GUC Val GCC Ala GAC Asp GGC Gly

GUA Val GCA Ala GAA Glu GGA Gly

GUG Val GCG Ala GAG Glu GGG Gly

Phe: Phenylalanine; Leu: Leucine; Ile: Isoleucine; Met: Methionine; Val:
Valine; Ser: Serine; Pro: Proline; Thr: Threonine; Ala: Alanine; Tyr: Tyrosine;
*#%. Stop codon; His: Histidine; GIn: Glutamine; Asn: Asparagine; Lys:
Lysine; Asp: Asparagine; Glu: Glutamic acid; Cys: Cysteine; Trp: Tryptophan;
Arg: Arginine; Gly: Glycine
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Appendix E

List of specimens used in this study and Genbank accession number.
'f:female, m:male; 2sampling location: refer to Table 3.1

Lab Identification no.
Species (specimens 10, sexes qf spzecimens1 , Haplotype Genbank
sampling location®) Accession No.
Acetes indicus AI9_f BPL2 ail HQ630429
AIl4 m SGT1 ail HQ630430
AIl5_f SGTI ail HQ630431
AI26_f PSETT4 ail HQ630432
AI27 m PSETT4 ai2 HQ630433
AI28 m BPL2 ail HQ630434
AI29 m PSETT4 ai2 HQ630435
AI30_f PSETT4 ai4 HQ630436
AT31_m PSETT4 ai4 HQ630437
AI32 f PSETT4 ai5 HQ630438
AI33_m_PSETT4 ai4 HQ630439
Al34_f PSETT4 ai6 HQ630440
AI35_m_SGT5 ail HQ630441
AI36_f SGT5 ai7 HQ630442
AI37_m_SGT6 ail HQ630443
AI38 f SGT6 ail HQ630444
AI39 m BPL7 ail HQ630445
Al40 _f BPL7 ail HQ630446
Al41_m_BPL8 ail HQ630447
Al43_m_BL9 ail HQ630448
Al44 f BL9 ail HQ630449
Al45 m BLI10 ai4 HQ630450
Al46_f BLI10 ail HQ630451
AlI47_m_SKCI1 ail HQ630452
Al49_m_TKRI2 ail HQ630453
AI50 f TKR12 ai8 HQ630454
AI52_f TRI3 ail HQ630455
AI53_m_TKR14 ail HQ630456
AI55_m_SKC15 ail HQ630457
AI56_f SKCI15 ail HQ630458
AI57_m_BPL16 ail HQ630459
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AI58 f BPL16 ail HQ630460
AI59 m _SGT17 ail HQ630461
AT60_f SGT17 ail HQ630462
Al62_f BLO ail HQ630463
Al63_m BLI10 ail HQ630464
Al64_f BLI0 ail HQ630465
Al65_m_SKCI1 ail HQ630466
Al66_f SKCI11 ail HQ630467
Al67 m _SKCI5 ail HQ630468
Al68_f SKCI5 ai8 HQ630469
AI69_m_TKR12 ail HQ630470
AI70_f TKRI2 ail HQ630471
AI72_f TKR14 ail HQ630472
AI73_m_TRI3 ail HQ630473
Al74_f TR13 ail HQ630474
Al75_m_TRI3 ai9 HQ630475
Al76_f TRI3 ailo HQ630476
AI77_m KKI9 ai4 HQ630477
AI78_f KK19 ai4 HQ630478
AI79_m_KKI9 ai4 HQ630479
AIST_m KKI19 ai4 HQ630480
AI82_f KK19 ai4 HQ630481
AI83_m_KG26 ai4 HQ630482
AI84_f KG26 ai4 HQ630483
AI85_m_KG26 ai4 HQ630484
AI86_f KG26 ai4 HQ630485
AI87_m_KG26 ai4 HQ630486
AI88_f KG26 ai4 HQ630487
AI89_m_PKKP29 ail HQ630488
A190_f PKKP29 ail HQ630489
A192f PKKP29 ail HQ630490
AI93_m_PKKP29 ail HQ630491
Al94_f PKKP29 ail | HQ630492
AI95_m_SGK30 ail HQ630493
A196_f SGK30 ail HQ630494
AI97_m_SGK30 ail HQ630495
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AI99 m SGK30 ail HQ630496
AI100_f SGK30 ail HQ630497
Acetes serrulatus | AS3_m_BPL2 asl HQ630498
AS4 m_SGT1 as2 HQ630499
ASS5_f BPL2 as2 HQ630500
AS6_f BPL2 asl HQ630501
AS7_m_BPL2 as3 HQ630502
AS8 m_SGT1 as2 HQ630503
AS9 m_SGT5 as4 HQ630504
AS10_f SGTS5 as5 HQ630505
AS11_m_SGT6 asl HQ630506
AS12_f SGT6 as6 HQ630507
AS13_m BPL7 as7 HQ630508
AS14_f BPL7 as2 HQ630509
AS15_m BPLS as2 HQ630510
AS16_f BPLS as8 HQ630511
AS17_m BL9 asl HQ630512
ASI18_f BL9 as9 HQ630513
AS19 m BL10 as2 HQ630514
AS20 f BL10 as2 HQ630515
AS21_m SKCl11 asl HQ630516
AS22 f SKCI11 as8 HQ630517
AS23 m _TKRI12 as10 HQ630518
AS24 f TKR12 asl HQ630519
AS25 m TR13 asl HQ630520
AS26_f TR13 asll HQ630521
AS27_m_SGT1 asl2 HQ630522
AS28 f SGT1 asl3 HQ630523
AS30_f BPL2 asl HQ630524
AS31_m_SGT5 asl HQ630525
AS32_f SGTS5 asl4 HQ630526
AS33_m_SGT6 as2 HQ630527
AS34 f SGT6 asl5 HQ630528
AS35 m BPL7 as2 HQ630529
AS36_f BPL7 asl6 HQ630530
AS37_m_BPLS asl7 HQ630531
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AS38 f BPLS as18 HQ630532
AS39 m BL9 as19 HQ630533
AS40_f BL9 asl HQ630534
AS41_m_BL10 as20 HQ630535
AS42 f BLI10 asl HQ630536
AS43 m SKCl11 as21 HQ630537
AS44 f SKCI11 asl HQ630538
AS45 m_TKRI12 as22 HQ630539
AS46_f TKRI12 as23 HQ630540
AS47 m TRI3 asl HQ630541
AS48 f TR13 as24 HQ630542
AS49 m TKR14 as8 HQ630543
AS50_f TKR14 as25 HQ630544
AS51_m_SKCI15 asl HQ630545
AS52_f SKCIS asl HQ630546
AS53 m BPL16 as26 HQ630547
AS54 f BPL16 as27 HQ630548
AS55_m_SGT17 as8 HQ630549
AS56_f SGT17 as7 HQ630550
ASS58 f TR13 as8 HQ630551
AS64_f SKCI5 as2 HQ630552
AS69_m_PKKP29 asl HQ630553
AS70_f PKKP29 asl HQ630554
AS71_m_PKKP29 asl HQ630555
AS72_f PKKP29 as28 HQ630556
AS73_m_PKKP29 as2 HQ630557
AS75_m_SGK30 asl HQ630558
AS76_f SGK30 as29 HQ630559
AS77_m_SGK30 as30 HQ630560
AS79_m_SGK30 as31 HQ630561
AS80_f SGK30 as18 HQ630562
Acetes japonicus AJ1_m_TBHG ajl HQ630563
AJ2_f TBHG aj2 HQ630564
AJ3_m_TBHG aj2 HQ630565
AJ4_f TBHG aj2 HQ630566
AJ5_m_TBHG ajl HQ630567
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AJ6_f TBHGI8 aj2 HQ630568
AJ7_m_KG26 ajl HQ630569
AJ8 f KG26 aj2 HQ630570
AJ10_f KG26 aj2 HQ630571
AJ11_m KG26 ajl HQ630572
AJ12_f KG26 ajl HQ630573
AJ13_f KK19 aj2 HQ630574
AJ18 f KK19 ajl HQ630575
Acetes sibogae Asil_m SGKB28 asil HQ630576
Asi2_f SGKB28 asil HQ630577
Asi3_m_SGKB28 asil HQ630578
Asi4_f SGKB28 asi2 HQ630579
Asi5_m SGKB28 asil HQ630580
Asi6_f SGKB28 asil HQ630581
Asi7_m_KS27 asil HQ630582
Asi8_f KS27 asil HQ630583
Asi9_m KS27 asil HQ630584
Asil0_f KS27 asil HQ630585
Asill_m_KS27 asil HQ630586
Asil2_f KS27 asil HQ630587
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Appendix F

Translation of COI into amino acids

[ 11111111112222222222333333333344444444445555555555666]
[ 12345678901234567890123456789012345678901234567890123456789012]
#ai 1 LSLIIRAELGQPGSLIGDDQIYNVVVTAHAFIMIFFMVMPIMIGGFGNWLVPLMLGAPDMAF
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Appendix F (continued)

Translation of COI into amino acids

[ 1111111111111111111111111]
[ 66666667777777777888888888899999999990000000000111111111122222]
[ 34567890123456789012345678901234567890123456789012345678901234]
#ai 1 PRMNNMSFWMLPPSLTLLLSSGLVESGVGTGWTVYPPLAAGIAHAGASVDLGIFSLHLAGVS
=
= T
=
=
=
=
= T
=
O
= PP
#as 1 e S e
Fas 2 e S
== T S
#as 4 e S
== T S
#Fas 6 i S
Fas T e S
#Fas B e S
== S
#as 10 ... e S
#as 1l .. e S e
#as 12 .. S
#as 13 . e S e
#as 14 ... e S
#as 15 .. e S e
#as 16 ... e S
#as 17 o e S e
#as 18 ... e S
#as 10 it e e S e
#as 20 .. S
#as 21 . e S
Fas 22 e S
Fas 23 e S e
#as 24 . e S e
#Fas 25 L. S
FAS 26 i e e S e
#as 27 e S
#as 28 e S
#Fas 29 L. e S
#as 30 .. e e, S e
#as 31 . S
=
=50 2 PP
#asi 1 ool P
#asi 2 c..iiiiiiiiiiiiia e
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Appendix F (continued)

Translation of COI into amino acids

[ 111111111111111111111111111111111111111111111111111111111111]
[ 222223333333333444444444455555555556666666666777777777788888]
[ 567890123456789012345678901234567890123456789012345678901234]

#ai 1 SILGAVNFMTTVINMRSMGMSMDRLPLFVWAVFITALLLLLSLPVLAGAITMLLTDRNLN

T
=
= T
=
=
T
= PP
T O
= PP
#as 1 oo P
#as 2 ... T e e e
#as 3 Lo P
#as 4 ... T e e
#as 5 Lo, P
#as 6 ..., T e e
#as T oo e P
#as 8 ...l T e e e
#as 9 ...l P
#as 10 oot T e e
#as 11 oo P
#as 12 ... il T e e
#as 13 ...l T e e
#as 14 ..., P
#as 15 ... il T e e e e e e
#as 16 ...l T ettt ettt
#as 17 oo T e e e e e e
#as 18 ... ettt i e e e e
#as 19 ... il T e e e
#as 20 L. P
#as 21 ...l T e e e e e
#as 22 ..., Tttt ettt
#as 23 ..., T e e e e e e
#fas 24 ...l P
#as 25 ...l T e e e e
#as 26 ..o ettt e e e e
#as 27 oo T e e e e e
#as 28 ..., T ettt et et
#as 29 ...l T e e et et e
#as 30 ..., P
#as 31 ...l T e e e e e e
#aj 1 oo P
#aj 2 e et i e e e e e
#asi 1 oo, et e e e e e
#asi 2 ... T e e e e e e e e e e
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