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A BSTRACT

T he giant tiger praw n {Penaeus monodon) was collected from  11 different 
sites throughout its range  (Kenya—>Indo china—»Philippines). Individuals w ere 
analyzed for allozym e (46 loci) and m tDNA restriction fragm ent length 
polym orphism s (R FLPs) using 5 restriction enzym es. T he average heterozygosity 
calculated from  the allozym e data H  = 0.027 (0.020-0.032) was sim ilars to other 
studies on  decapod crustacean. In total 10 polym orphic (p 0 .99) loci were 
observed several o f these  {AAT-1 , ALAT*, G P I , ID H P , M DH-1 , M P I and 
PGM") contributing to significant differences in allele and genotype frequencies 
between populations. N o  significant differences were observed betw een sam ples 
collected a t the same s ite  in different years and no significant differences in H W E 
were observed w ithin any single population. G enetic difference betw een all 
populations F^,=0.384 w as high but was m uch sm aller for SE A sian populations 
alone F , =0.014. The allozym e data suggested that the P. m onodon  populations 
structure could be div ided into 4 main groups: Kenya, Philippines, A ndam an Sea, 
and South China Sea.

T h e  m tDNA genom e was estimated to be 15.76±.57 kb. O nly four 
enzym es could be reliable used E coK V , P vmII and S a d )  which gave 12
m tDNA haplotypes (K enya population not included). Significant differences 
betw een haplotype frequencies were observed betw een the Andam an Sea and 
South C hina Sea populations. N ucleotide divergence data suggested tw o main 
clonal form s o f m tD N A  were present in SE Asian populations. These clones 
appear to  have d iverged gene 0.1-0.7 m illion years ago. C lone A w as more



Ill
com m on in A ndam an Sea population whereas Clone B was m ore com m on in 
South C hina Sea.

Both techniques suggested that P. monodon  can be subdivided into at least 
3 isolated groups: Kenya, Andam an Sea, and South China Sea populations. This 
pattern o f isolation w e see today may be a relic o f past separation du ring  the last 
glaciation. W hich has been modified by recolonization of new areas as the sea 
levels rose and present day patterns o f gene flow caused by prevailing  current 
patterns.
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C H A PTER  1

GENERAL INTRODUCTION
1.1 INTRODUCTION

During the last decade, m arine penaeids have assum ed major significance 
in aquaculture. This is because o f a strong m arket demand, with the highest 
prices com ing in the international markets. Japan and the United States of 
A m erica are the two m ajor consum er markets that have caused the explosive 
grow th o f this industry. Certainly such demand has stim ulated both governm ents 
and the private sector to prom ote investm ent in research and developm ent of 
m arine penaeids throughout the w orld. FAO aquaculture statistics (FAO, 1992) 
also show that m arine penaeid production increased rapidly from 218,000 m t in 
1985 to 719,000 mt in 1991. There are around 20  species o f m arine penaeid 
w hich are com m ercially im portant in terms o f culture, i.e. banana prawn 
{Penaeus m erguiensis), fleshy praw n (P. chinensis), giant tiger praw n (P. 
m onodon), kurum a prawn (P. japonicus), w hite  shrimp (P. indicus, P. 
occidentalis, P. schmitti, P. setiferus, P. vannamei), blue shrimp (P. stylirostris), 
greasyback shrim p {M etapenaeus bennettae) and greentail shrimp (M. ensis) etc.

W ithin the  marine penaeid farm ing industry, giant tiger prawn P . monodon  
Fabricius 1978 is dom inant (61%  o f the total production in 1994) (A quaculture 
D igest, 1995). Since 1970, fisheries statistics indicate that P. monodon  represent 
the largest production of cultured m arine penaeid (FA O , 1992), and the yield  has



increased very quickly from  46,672 t in 1984 to  447,130 t in 1994 (A quaculture 
D igest, 1995; FAO, 1992). Apud et al. (1983) and  Dore and Frim odt (1987) said 
that P. monodon  is the biggest o f the penaeid group, reaching up to  330 mm in 
body length or 500-600 g in body weight, and  is of com m ercial im portance in 
m arine penaeid markets. Among the characteristics that m ake it an ideal 
aquaculture species are high survival rates o f u p  to 90%  in grow -out ponds and 
fast grow th rates with sizes o f up to 45 gram s after 4-5 months in  low density 
culture, although normal harvest size ranges from  15-40 individuals p e r kilogram  
(25-67 g). As m entioned by Apud et al. (1983), P. monodon  can survive a wide 
range o f  tem perature and salinity levels though it grows faster in low salinity (10- 
25 ppt). In addition it can tolerate being out o f  water for short periods o f time 
m aking  it easy to manage, harvest and transport.

Originally, P. monodon  was one o f the marine penaeid species produced 
in extensive traditional m arine penaeid culture and in polyculture w ith  m ilkfish 
(A pud et al., 1983; Saisithi, 1989; Chen, 1990). Because the fry  are easily 
captured from the wild, fish farmers bought the fry collected by rural people. 
The juveniles w ere easily identified and usually  hide am ong w eeds and grass in 
estuaries. The fisherm en simply place bundles of grass in estuaries to  attract the 
fry an d  scoop them out w ith dipnets. In 1968, intensive m onoculture o f the P. 
m onodon  was m ade possible with the first success in artificial propagation o f P. 
m onodon  larvae. In the beginning, the industry was dependant on th e  capture o f 
w ild gravid fem ales as broodstock. Shortage of fem ale brooders in Taiw an 
quick ly  pushed the price up to US$ 1,900/kg (Chen, 1990). The T aiw anese thus 
started  im porting brood P. monodon  from th e  Philippines, M alaysia, Thailand,



and Indonesia. In 1977, there w as first notable success in inducing m aturation 
in fem ale P. m onodon  by eyestalk ablation (Chen, 1977). This m ade the fem ale 
spawn in 3-4 days an d  can be repeat spaw ned after eyestalk ablation betw een 2-4 
times before her death . This developm ent o f hatchery technology reduced the 
price o f  broodstock and  made m illions o f seed available and started the boom  in 
intensive P. m onodon  culture.

M ore recently , cultured fem ales have been matured and spaw ned in 
captivity by eyesta lk  ablation w ithin 7-12 months (Aquacop, 1977; Prim avera, 
1977). B ut C hotikun et.al. (1987) and Chen (1990) mentioned that fem ales in 
captivity do not grow  to a large size and have a low er fecundity than those in the 
wild. A lso  P. m onodon  are norm ally m arketed long before sexual m aturity and 
broodstock are not available from  m ost com m ercial farms therefore no one 
encounters ripe fem ales during rearing. W ild fem ales from capture fisheries are 
still the dom inant source o f P. m onodon  brooders. However, eyestalk ablation 
seems to  be effective  with most large (a m inim um  o f 80 g but preferably much 
larger) and healthy fem ales (Chen, 1990). Seed Production Team  (1984) showed 
that after eyestalk ablation, most large fem ales (120-200 g) spawned w ithin  one 
week and  72% o f these becam e gravid, whereas sm all females (100-130 g) did 
not spaw n until 21 -30  days and o f these only 58%  becam e gravid.

Since the explosive growth o f intensive m onoculture o f P. m onodon  in 
Taiw an, in 1985 th e  prices of P. m onodon  clim bed from US$ 3.20/kg to US$ 
8.00/kg and T aiw an could not supply the Japanese m arket with P. m onodon  for 
year-round consum ption, due to the cold season. T his encouraged other tropical



countries to apply for a large am ount o f  investm ent to produce P. m onodon  to 
supply Japan throughout the year (Kongkeo, 1989; Chen, 1990). The Southeast 
Asia countries, such as Indonesia, M alaysia, Thailand and the Philippines h av e  
ideal conditions for the developm ent o f  marine penaeid industry. For instance, 
these countries have optim al geography, clim ate and other physical factors, such  
as; availability o f  broodstock; experienced and enthusiastic farmers w illing to 
invest; plentiful raw  m aterials and technology for feed production; also transport 
and cold storage facilities.

In 1987, praw n culture in T aiw an crashed due to disease problem s w ith  
m ore disastrous harvests in 1988 and 1989 (Chen, 1990). Since then, Japan has 
increased P.m onodon  orders from other Southeast Asia countries and overall P. 
m onodon  production has shown a trem endous increase. For instance, P. m onodon  
production by culture in Thailand has increased from 170 t in 1984 to 93 ,500  t 
in 1990, and had reached 214,750 t in 1994 (Aquaculture Digest, 1991 and 1995; 
FAO, 1992). T he most recent official figures for SE Asian area in 1994 show ed 
the production share between the main countries. A pproxim ately 356,850 t ab o u t 
79.8%  of world P. monodon  production came from SE Asia, i.e. T hailand  
(213,750 t), Indonesia (85,000 t) and the Philippines (24,(XK) t) (A quaculture 
D igest, 1995). Southeast Asia is therefore the main centre o f P. m onodon  
farm ing in the w orld. It is also the centre o f geographic distribution and the m ain  
fishing grounds for P. monodon  (Solis, 1988; Dali et al., 1990).

Because o f the grow th of P. m onodon  culture, dem and for live broodstock 
is very high. S ince P. monodon  farm ing industry in SE Asian countries re lies



alm ost solely on the capture o f  broodstock from the w ild, even countries such as 
Thailand and Indonesia, n eed  to imp>ort broodstock from  other countries to m eet 
the dem and. The supply o f  broodstock is available from  both the G ulf o f  
Thailand and the Andam an Sea but preferences may ex is t for broodstock from  
a particular area. In T hailand, farm ers (p>ers. comm, 1993) prefer P. m onodon  
larvae from Andaman Sea brooders rather than those from  the G ulf o f  Thailand. 
They are said to have larger offspring, lower mortality, better m orphology and 
culture characteristics. At p resen t nobody knows w hether this preference is based 
on environm ental o r genetic differences influencing cu lture  perform ance o f  these 
different populations. H igh  demand, availability o f preferred broodstock and 
larvae from certain areas stim ulates the m ovem ent o f broodstock both w ithin and 
betw een countries and can lead  to overfishing in some areas. The decrease in 
w ild P. monodon  production has resulted in a governm ent policy to increase P. 
monodon  production by releasing hatchery reared P. monodon  into areas 
containing depleted natural populations. For instance, Thailand has released 
larvae o f P. monodon, m ain ly  from Andam an sea sources, into the G ulf o f 
Thailand at the rate o f abou t 30 m illions liirvae per y ear (Thai DOF, 1993), as 
well as the escapes from P. monodon  hatcheries and grow out ponds. This will 
lead to stock mixing and b reak  down o f any natural populations stm ctures that 
exist as m entioned by R ym an (1981). The recognition o f  reproductively isolated 
and genetically d ifferentiated subpopulations within a species is im portant for 
m anagem ent of many com m ercially  exploited species. The concept that each 
reproductively isolated population is the unit o f m anagem ent is now central in 
assisting fisheries b iologists to optim ise harvest in m any species, notably in 
Pacific salm on hatcheries population  (Larkin, 1981). L ester (1979) also stated



that d ifferen t gene p>ools should be treated separately in research as well as 
m anagem ent policy.

T h ere  has been little attem pt to understand the population dynam ics o f P. 
m onodon  within and betw een SE Asian countries. In the past, fishery 
m anagem ent has been largely interested with the abundance and size o f the 
species n o  concerned and little attention has been directed tow ard an 
understanding of the genetics o f its populations (A llendorf et a i ,  1987). In the 
long term , fishery m anagem ent is the conservation o f existing resources to  ensure 
a sustainable yield. This concept known as stock concept has dom inated fisheries 
m anagem ent for alm ost 50 years (Gulland, 1983; Carvalho and Hauser, 1994). 
The focal idea is to define the patterns o f  recruitm ent and mortality and harvest 
only ex tra  yield. The fisheries that do not exceed this will not com prom ise the 
natural genetic  stock. Failures to achieve this goal by fishery m anagem ent have 
resulted in  a large num ber o f com m ercial fisheries having collapsed in the present 
century (C lark, 1976).

Population genetics studies have already greatly assisted in the 
m anagem ent of fish stocks in both the aquaculture and fisheries sector. The 
application o f biochem ical genetic techniques known as protein electrophoresis 
has revolutionized studies on the population genetics o f m arine and estuarine 
invertebrates (see Gooch, 1975; Battaglia and Beardm ore, 1978; Levinton, 1980 
and 1982; Burton and Feldm an, 1982). The technique o f gel electrophoresis 
coupled w ith  histochem ical staining of specific enzym es or proteins has proved 
a sim ple b u t powerful tool for exam ining genetic variation in natural populations



and has been used to analyze the structure of natural populations for m ore than 
two decades (Lewontin and Hubby, 1966). E lectrophoretic techniques have 
becom e crucial tools in the estimation o f the level o f m olecular variation in 
particularly in aquatic organism s. In general, the allele frequency data obtained 
from electrophoretic studies can be examined to deduce the breeding structure or 
the relative reproductive isolation of a particular species. Such know ledge 
contains im portant inform ation for the management o f wild stocks and the initial 
selection and long-term  m anagem ent of potential stocks fo r aquaculture. T he 
allozym e data can be used in a w ide range o f different w ays: unique allozym ic 
genotypes can be used as genetic tags for wild and cultured  stocks, enabling 
interactions betw een different strains to be assessed, e.g. restocking. A llozym es 
are useful for species identification and monitoring hybridization in w ild and 
farm ed stocks. Overall levels of genetic variation enable the effects o f inbreeding 
caused by poor m anagem ent o r selection programmes to be m onitored, 
identifying potential problem s in longterm viability. A llozym es are now  also 
im portant in many genetic studies, as fish generally have few  visible m arkers, 
particularly genom ic m anipulations in which the fate of the paternal or m aternal 
genom e are o f some consequence (Seeb and Miller, 1990).

R ecently, restriction endonuclease analysis o f m itochondrial D N A  
(m tD N A ) has also been em ployed at the species level to  help determ ine 
population structure (A vise and Lansman, 1983; Avise, 1985). This technique is 
especially useful w ith closely related recently isolated populations (B row n et a l., 
1979). It is believed that this m ethod or related m ethodology, w hich directly, 
reflects differences at the D N A  level, will m ost closely approach the ideal m ethod



for quantifying genetic difference among population.

The purpose o f the present study is to use  a combination o f electrophoretic 
techniques on proteins and restriction endonuclease analysis o f mtDNA to 
determ ine the  population breeding structure o f  P. monodon  in Southeast Asia. 
This study will attem pt to show  the population breeding structure of this 
organism  an d  should also detect the levels o f  reproductive isolation and genetic 
variation o f  the species, this w ork will or assist in making basic decisions on the 
m anagem ent of the farm ed and wild resource.

1.2 MOLECULAR GENETIC ANALYSIS OF POPULATIONS

Population genetics is concerned how  M endel’s laws and other genetic 
principles apply to entire populations o f organism s. Traditional methods o f 
distinguishing fish stocks are lim ited to long-term  breeding studies of a few 
m orphological characters such as num ber o f  scales in a lateral series or relative 
body depth , or behavioral variation (A llendorf et al., 1987; Sm ith, 1990). In the 
1950s, there  were tw o m ajor discovery w hich were to have im portant im plications 
for m olecular genetics resulting in rapid developm ents in the identification and 
analysis o f  individual genes. First, W atson and Crick (1953) deduced the 
structure o f  the DNA m olecule, which explained the direct relationship between 
genes and protein. Second, the initial im provem ent of electrophoresis techniques 
for protein separation (Sm ithies, 1955) and th e  histochem ical staining o f specific 
enzym es (H unter and M arkert, 1957) enabled  for the first time a large num ber o f



different gene products to be studied so reasonable estimates could be m ade of 
the levels o f genetic variation in natural populations. Early studies on the 
population genetics o f D rosophila  (Lewontin and Hubby, 1966) and humans 
(Harris, 1966) suggested that m uch higher levels o f variation exist throughout all 
classes o f organism s than had been expected from the earlier studies using visible 
markers.

The relative sim plicity o f  electrophoretic techniques led to an explosion 
o f activity and revealed genetic variation within and among populations o f animal 
and plant species. In fisheries studies, protein electrophoresis has been used as 
a primary tool to identify population structure in various fish species. The fairly 
rapid procedure o f  histochem ical staining technology enabled large samples to be 
screened for over 100 enzym e loci simultaneously (Richardson et al., 1986; 
W ishard-Seeb and G underson, 1988; M orizot and Schmidt, 1990). This technique 
still rem ains at th is m om ent the fastest and m ost econom ical m ethod for surveys 
o f variation at a large num ber o f genes. However, there are many cases in which 
electrophoresis fails to identify any genetic differentiation between populations 
or individuals (U tter, 1981; Grant, 1984). Lewontin (1974) estim ated that 
variation at the proteinis is only about 30% of the variation present at the DNA 
level o f the gene because o f the various lim itations of the technique.

Recent m ajor advances in analysis o f  nucleic acids in the past decade have 
lead to the w idespread study o f m itochondrial DNA (m tDNA) variation of 
animals, especially  for population and evolutionary studies. M tDNA because of 
its small size, relatively rapid rate o f evolutionary change, and m aternal haploid
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inheritance m ake it appropriate for exam ining population history and structure 
w ithin and between conspecific populations (W ilson et a / . ,1985; Avise et a l., 
1987; M oritz et a / .,1987). M tDNA is m ore rapidly evolving than chrom osom al 
DNA and because we can look d irectly  at mtDNA variation it is easier to  
observe. M oreover, it is easy to purify  com pared w ith  other form s of D N A  
(Brown, 1983). Ferris and Berg (1987) also stated that, o f  all ex isting  
procedures, restriction endonuclease analysis o f mtDNA m ost closely approaches 
the ideal m ethod for quantifying genetic differences among populations. 
Therefore the use o f both allozym e and R estriction Fragm ent L eng th  
Polym orphism  (RFLPs) in m tD N A  techniques enhances the detection o f  
variability in population genetic studies.

1.2.1 Allozyme Electrophoresis

E lec tro p h o resis  is a pow erful yet relatively simple technique th a t 
separates proteins according to their net charge and size in an electrical field . 
Ferguson (1980) and Hartl (1988) described it as 'the m ost widely used procedure  
fo r revealing genetic variation in enzym es and  other p ro te in s '. In  addition, the  
genetic interpretation o f gel phenotypes is straightforw ard, and enables th e  
researcher to exam ine many independent genes in individuals and populations.

The m ajor applications o f electrophoretic techniques in fisheries research  
are stock identification, population analysis, and species boundary determ ination. 
These will be used in analysis o f population  structure (e.g . geographic variation , 
m ating system s, heterozygosity, and individual relatedness) w hich is perhaps the
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m ost fundam ental piece o f inform ation required for species m anagem ent 
(B averstock and M oritz, 1990).

1.2.1.1 G enetic relationship betw een gene & protein

T h e  G ene is the basic  unit of inheritance, by which hereditary 
characteristics are transmitted from  parent to offspring during the reproductive 
process (H aiti, 1987; Lawrence, 1989); in hum ans traits such as hair colour, eye 
colour, skin colour, height, w eight, and various aspects o f behaviour are all 
hereditary characterictics. A sing le  gene consists o f a length o f deoxyribonucleic  
acid or D N A . DN A, a double helix  consists o f two long strands w ound together 
as first proposed by W atson an d  Crick (1953), is the genetic m aterial found in 
alm ost a ll organism s. The genetic  code carried in each DNA strand is com posed 
o f a sequence o f  nucleotide, i.e. purines (adenine and guanine) and pyrim idines 
(cytosine and thym ine), abbreviated as A,G,C and T . Hartl (1980) and King and 
S tansfield (1985) described that the nucleotide in the two strands have a specific 
connection, w here one strand carries an A, the other strand m ust carry a T, w here 
one strand carries a G, the o th er must carry a C. Therefore, any change in 
nucleotide sequence in DNA m olecule alters the genetics inform ation in different 
forms o f  the sam e gene d ifferen t forms o f the sam e gene are called alleles.

Proteins are large m olecules com posed of one or m ore polypeptide chains, 
each polypeptide subunit com posed o f a linear chain o f up to 20 different am ino  
acids covalently  connected by peptide bonds (K ing and Stansfield, 1985; U tter 
et a l ,  1987). It has been found  that each amino acid is coded by three different
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com binations o f the nucleotide called a codon. Therefore, the base  sequence o f 
DNA has a direct relationship to  the structure o f proteins because polypeptide 
chains that form  proteins are coded by groups o f codons or gene codes w here 
protein synthesis occurs.

1.2.1.2 P ro te in  e lec tro p h o resis

P ro te in  e lec trophoresis  is the m ovem ent o f charged particles under the 
influence o f  an electric field (Ferguson, 1980; Richardson et al., 1986). Since the 
side chains o f am ino acids are either acidic (COO'; aspartic acid and glutam ic 
acid) or basic (N H /;  lysine, arginine, and histidine) groups, the proteins 
m igration through the gel is therefore determined by their am ino acids 
com position; m olecular weight, conform ation, and net charge (Ferguson, 1980; 
U tter et al., 1987; M urphy et aL, 1990).

M ost proteins studied in electrophoresis are enzymes because it is easy to 
develop histochem ical staining procedures to visualize the activity  o f specific 
enzym es as first published by H unter and M arkert (1957). Their position  on the 
gel is detected directly by adding histochem ical stains for specific  enzym es 
follow ing electrophoresis. The stains containing a specific substrate  for the 
enzym es, the catalytic action o f  the enzym e is then linked into a  pathway o f  
chem icals o r other enzym es w hich result in a visualization of the position o f  the 
enzym e in the get. There are now  over 100 o f histochemical sta in  recipes used  
in hum an and in fish research, i.e. Brew er (1970), Shaw and P rasad (1970), 
Harris and Hopkinson (1976), Siciliano and Shaw (1976), R ichardson et al.
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(1986), Shaklee and Keenan (1986), A ebersold et al. (1987), B enson  and Smith 
(1989), M orizo t and Schm idt (1990), and Muqshy e t al. (1990). W hen an 
enzyme in an individual has an am ino acid substitution that cause a difference in 
size, shape, net charge, or possibly  catalytic activity and stability (Shaw , 1965), 
then the enzym e may have an altered electrophoretic mobility. T he banding 
pattern observed  will vary depending on the quaternary structure o f  the enzym e 
and w hether it  is present as a  single o r a multi locus for that enzym e. 
Electrophoresis with histochem ical staining technique can therefore be used to 
detect a proportion  o f alleles that result in differences in electrophoretic mobility 
o f any enzym e.

A. A llele  frequencies
Enzym es that can be detected by electrophoretic techniques have two 

general form s, isozym es and allozym es. M arkert and M oller (1959) defined 
isozymes as ' th e  different m olecular fo rm s in which proteins m ay exist with the 
same enzym atic  specificity '. T hese m ultiple forms o f an enzym e which are 
produced by d ifferen t gene loci have different properties such as optim um  pH or 
isoelectric p o in t and therefore have bands o f different electrophoretic mobility 
(M arkert and M oller 1959; M arkert, 1983). A llozym es, a subset o f isozym es, are 
enzym es that h av e  different electrophoretic m obility as a result o f allelic  variation 
at the sam e lo cu s  (Prakash et al., 1969). It is generally only allozym e data that 
is used in e ith e r  system atic studies (A vise, 1974) or phylogenetic analysis 
(Swofford and O lsen, 1990).

In o rder to  study genetic variation betw een populations, it is  necessary to
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m easure allozym e variation in term s o f allele frequency. A llele freq u en cy  
defined by King and  Stansfield (1985) is the proportion o f particular allele at the 
locus. However, th e  allele frequency in a sam ple o f  individuals is only an 
estim ate o f the true allele frequency in the whole population. But, the estim ate 
will be close to the true frequency if  the sam ple is sufficiently large; at lease 100 
or m ore individuals (R ichardson et al., 1986; Hartl, 1988).

B . P o ly m o rp h ism
P o ly m o rp h ism  is defined as 'th e  existence o f  different fo rm s o f  individuals 

within a species o r  a population ' (Law rence, 1989). By calculating allele 
frequency, technically  a locus is said to be p o ly m o rp h ic  if the m ost com m on 
allele has a frequency  of less than 0.95 (Richardson et al., 1986; Hartl, 1988) or 
0.99 (Ferguson, 1980). Conversely, a m o n o m o rp h ic  locus is one that is not 
polym orphic, and r a r e  alleles defined by Hartl (1988) are alleles w ith frequencies 
o f less than 0 .005 , and usually one or tw o individuals per thousand are 
heterozygous for ra re  alleles at any locus.

1.2.1.3 L im ita tio n s  of p ro te in  e lec tro p h o resis

In ne^uly all organisms, w ith the exception o f some viruses, the genetic 
inform ation is encoded  in deoxyribonucleic acid (DNA) as a sequence of 
nucleotide bases. T he detection o f genetic variation by gel electrophoresis and 
histochem ical stain ing of proteins is an indirect estim ate o f changes in the 
sequence. C onsequently , the technique has lim itations: the genetic code has 
redundancy and a ll base substitutions do not necessarily result in changes o f
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amino acids sequence in the polypeptide chain ; 16 of the 20 com m on am m o acids 
are electrostatically neutral, so some base substitutions that resu lt in  a different 
amino acid being attached to the polypeptide chain w ill not result in a charge 
differences and will therefore not be detected  on the gel. It has been  estim ated 
that standard electrophoretic techniques detect only about one-third  of base 
substitutions in DNA (Lewontin, 1974). A  third lim itation o f  the technique is 
that the protein molecule can be m odified by  post-translational changes, such as 
the banding of small molecules, that can a lte r  the m obility o f the protein  through 
the gel but that do not have a direct genetic  basis. Finally, electrophoretic 
techniques are used to estimate genetic variation  in genes that are transcribed and 
translated into proteins. This class of genes involves only about 10% o f the total 
genom e, so the variation detected at p ro te in  gene loci may not be representative 
of the genom e as a whole (Smith, 1990).

It is also im portant to establish that differences in electrophoretic m obility 
are not caused by non-genetic factors such as the conditions and length o f storage 
of the samples. Prolonged storage may resu lt in shadow bands or conform ational 
isozym es which can cause problems in  recording genetic inform ation from  
phenotypes on gels (Utter et al„  1987). A lthough repeating runs and using fresh 
samples as controls can solve many o f th ese  problems.

1.2.2 Mitochondrial DNA Restriction Fragment Length 
Polymorphism

In the last few years advances in  techniques perm it the analysis o f
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population genetics and system atics by examining variation at the D N A  level. 
O f these techniques, the exam ination o f  m itochondrial DNA variation has been 
widely used. T he analysis o f RFLPs o f mtDNA has show n that there is extensive 
intraspecific variation  in m ost species (W ilson et a l, 1985; Avise et al, 1986; 
Saunders et a l, 1986). It is therefore im portant to understand the structure o f  
m tD N A  and m ethodology o f m tD N A  study.

1.2.2.1 M olecular properties & transm ission genetics

The nucleus is not the only organelle in eukaryotic cells that retains 
genetic inform ation. M itochondria also contain their ow n DNA which is essential 
to their function. W hat are the features o f mtDNA that make it a pow erful tool 
for studying the genetic structure o f  populations? First, the m itochondrial 
genom e consists o f  a single, duplex, closed-circular DNA m olecule. T he 
m itochondrial genom e is com paratively small ranging in size from 16,000 to 
19,000 bp; the m am m alian m itochondrial DNA (m tD N A ) has a m olecular w eight 
of about 11x10* d, 10 '  times less than that the size o f the  nuclear genom e (A vise, 
1985; King and Stansfield, 1985). The mtDNA is usually present as a num ber 
of identical copies. G enerally there are about 5-10 identical copies per organelle 
m aking it rather easy to purify (Brow n, 1983). Second, mtDNA is generally 
hom oplasm ic w ithin  an individual (A vise, 1985; B illington and Hebert, 1991), 
only a single m tD N A  nucleotide sequence exists w ith in  an individual, that is, all 
the m olecules are identical in an organism  so any tissue can be used as a source. 
Third, m tD N A  is m aternally inherited and nonrecom bining (Hutchinson et a l., 
1974; Lansm an et al., 1983; G yllensten, 1985). It is transm itted intact from  the



17
fem ale parent to progeny through the cytoplasm of the egg without b e in g  altered 
by recom bination o r m eiotic segregation. Because only females tran sm it their 
m itochondria to their progeny, mtDNA genotypes exhibit a evolutionary history 
o f  asexual (m atriarchal) transmission. Thus, if there is asymmetrical d ispersal by 
sex, an d  males disperse during spawning, mtDNA might reveal m ore  genetic 
d ivergence than w ould be expected from biparental studies such as allozym es or 
nuclear RFLPs (Berm ingham , 1990; Billington and Hebert, 1991). F inally , all 
an im als have m tDNA which is remarkably conservative in size, function  and 
organization  across m ost animal taxa studied (Brown, 1983; Moritz et a l . ,  1987). 
C onsidering the conserved characteristics o f gene order in mitochondrial genom e, 
it m igh t be assum ed that the prim ary sequence would also be well conserved. In 
contrast, evolution at the nucleotide sequence level o f mtDNA is  rapid, 
approxim ately  5-10 tim es faster than single-copy nuclear DNA (B ro w n  et al., 
1979).

T he resolution capability o f mtDNA studies appears to be enhanced  by 
these characteristics. Thus, in general, conspecific population and re la ted  species 
show greater differentiation o f mitochondrial than nuclear genes. For exam ple, 
Sanger (1986) as cited by O vendon (1990) found no allozyme genetic d ifferences 
betw een  western and northern Victorian populations o f the river blackish 
(G adopsis m arm oratus) but Ovendon et al. (1988) detected sequence d iversity  o f 
m tD N A  from two populations o f about 6.4%. These make m tD N A  a  useful 
m olecule for studies o f population genetics and evolution.
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1.2.2.2 M itochondrial DNA isolation

M itochondrial DNA is usually obtained from  liver or gonadal tissues 
because o f their m itochondrial enrichm ent but any o ther tissue may be used 
(Chapm an and B row n, 1990; B illington and Hebert, 1991). M tD N A  m ay be 
isolated either from fresh  or frozen tissues. For fresh  tissue, nuclei are first 
rem oved from hom ogenized tissue by low speed centrifugation, m itochondria are 
pelleted by high speed  centrifugation, and then m tD N A  is released by m em brane 
lysis. W ith rapid iso lation  m ethods (M aniatis et al., 1982; Chapm an and Pow ers, 
1984), m tDNA is recovered by phenol extraction followed by ethanol 
precipitation. A lternatively, m tDNA can be purified using Caesium  chloride 
density gradient centrifugation (Lansm an et al., 1981). For frozen tissue, total 
nucleic acids are extracted: tissues are pow dered in liquid nitrogen, lysed with 
Sodium dodecyl su lphate (SDS), centrifuged to rem ove debris, extracted with 
phenol, and nucleic ac id s collected by alcohol precipitation (G ross-Bellard et al., 
1972; Ausubel et a l., 1987; Sam brook et al., 1989).

1.2.2.3 Restriction endonuclease analysis o f m itochondrial D N A

Restriction endonu cleases (REs) are enzym e that cleave duplex D N A  at 
a constant position w ith in  a specific recognition sequence, typically 4-6 base pairs 
(bp) long. Over 4 0 0  REs have been isolated from  bacteria and at least 85 
different recognition sequences characterized (Fuchs and B lakesley, 1983, 
Roberts, 1984). To date, the study of m tD N A  variation is based upon digestion 
of the m olecule u sin g  these R Es. The fragm ents produced are then separated
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according to their m olecular weight by gel electrophoresis, agarose or 
polyacrylam ide gels.

T he  m ethod o f visualization of fragm ents is dictated by the purity and 
am ount o f m tDNA. For purified m tD N A  from fresh tissue, there are three 
prim ary m ethods for visualization of fragm ent pattern. First, fragments can be 
directly identified by ethidium  bromide (E tB r) staining. The E tB r detection limit 
is norm ally about 1-5 ng o f  DNA in a band (Sharp et a l., 1973 as cited by 
C hapm an and Brow n, 1989)). However th e  photographic m ethod was developed 
and this increases detection to 100 pg o r  less (Chapman and Brown, 1989). 
Second, silver staining o f DNA fragm ents is reported to be more sensitive, 
allow ing detection o f 10-100 pg amounts o f  DNA (G uillem ette and Lewis, 1983). 
Third, sensitivity can be increased by end-labelling w ith radionucleotides 
fo llow ed by autoradiography (Brown, 1980). This m ethod is also highly 
sensitive, 100-500 pg o f DNA can be visualized. For crude mtDNA or total 
nucleic acids. Southern-blotting methods (Southern, 1975) are appropriate because 
o f decreasing sam ple preparation time an d  the possibility o f  utilizing frozen or 
lim ited tissue. T his transfer hybridization is reportedly the m ost sensitive o f the 
m ethods. W ith this system  the am ount o f  DNA required per digested is 100 
tim es less than needed for direct visualization by EtBr staining, allowing 
detection  o f picogram  quantities o f a fragm ent (Southern, 1975).

1.2.3 Population Genetics

P opulation  genetics is the study o f  the genetic com position o f  populations.
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iso lation  o f populations so that they are unable to interbreed and eventually a new  
species m ay be form ed.

The total population o f  a species may be split up into a group of 
subpopulations. A subpopulation can be defined as 'a  reproductive com m unity  
o f  individuals who share a com m on gene pool o r as a self-sustaining genetic  
un it o f  population ' (Dobzhansky, 1950 and Anon, 1976 as cited by R ichardson 
e t al., 1986). Subpopulation is som etim es referred to as local population , 
N lendelian population or dem e, and has been defined as the sm allest collective 
un it o f  a population (Krebs, 1972). T hen a subpopulation could be considered 
as the fundam ental unit o f a population, usually referred to simply as a 
population. In population genetics, the focal point is on the local interbreeding 
unit in w hich the genetic and biological potential o f different parts o f the u n it are 
essentially similar, and in w hich there is sufficient m ovem ent between m em bers 
w ithin the geographic area o f the population to confirm  cohesion.

The first step in understanding the population biology o f a species is  the 
study o f population structure which is perhaps the m ost fundam ental p iece  of 
inform ation for a species that requires to be managed. Population structure of 
anim als has traditionally been studied by using m ark-release-capture m ethods, e.g. 
B low er et al. (1981). However, M urphy et al. (1990) said that this technique has 
several lim itations, and recently, a m olecular genetics approach has been 
increasingly used to  analyze the population structure of m any species. T here  are 
essentially three principle m odels o f population structure which can resu lt in 
differentiation o f genetic patterns w ithin  and betw een geographic localities
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(R ichardson et al., 1986; M ay and Krueger, 1990). These are, first, the panm ictic  
m odel: when random  m ating occurs, the entire population consists of a sing le  
panm ictic unit (free interchange). Second, the stepping-stone or island or d iscre te  
subpopulation models: the population consists o f a series o f small subpopulation, 
each mostly isolated from  each  other (no interchange between subpopulation). 
Third, the isolation-by-distance model: consists o f a continuous population, b u t 
organism s exchange genes only with geographical distribution in an 
undifferentiated environm ent (local interchange only). The first step in 
understanding the population biology o f a specific species is to consider w hich  
m odel best describes the population structure.

1.2.3.2 T h eo re tica l p o p u la tio n  genetics

In 1908, the m athem atical relationship o f genotypic frequencies w as 
proposed independently by the  English m athem atician G. H. Hardy and a G erm an 
physician W. W einberg, and  has become known as H ard y -W ein b erg  L a w  
(H ardy, 1908; W einberg, 1908). The law stating that genotype frequencies o f  a 
diploid species will rem ain constant from generation to generation in an infin itely  
large, interbreeding population in which m ating is at random and there is no 
selection, m igration, or m utation (Ferguson, 1980; Richardson el al., 1986; H artl, 
1988). If the allele frequency o f one o f the alleles at a locus is p  and that o f  the 
o ther is q then the frequencies of the two hom ozygotes and heterozygote are 
given by p^, and Ip q  respectively.

The genetic hyjx>thesis can then be established by breeding experim ents.
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If breeding tests are im possible, genetic interpretations may be checked by 
calculating allele frequencies and com paring the observed genotype frequencies 
w ith the Hardy-W einberg expectations (Li, 1976; Ferguson, 1980). Therefore, 
w here the frequency distribution o f genotypes are significant different from  those 
expected from the allele frequencies, then an im balance o f one or m ore o f the 
above assum ptions exists. R ichardson e t al. (1986) and Smith (1990) suggested 
that im balances can be the result o f stock mixing, natural selection, or drift in 
sm all populations, m utation also but any effects are likely to be small.

1.2.3.3 G enetic  v a ria tio n

The genetic constitu tion of an individual is called its genotype. T he 
physical expression o f a genotype is called the pheno type. However, the 
phenotype is the result of th e  interaction o f the environm ent and the genotype of 
that particular organism  (R ichardson et a l„  1986) and two individuals having the 
sam e genotype can nevertheless have different phenotypes because o f differences 
in the environm ent. In natural populations, different phenotypes am ong the 
individuals can be found in  most traits. Population study must cope w ith the 
m easurem ent o f this phenotypic diversity which is caused by differences in the 
genotypes am ong individuals.

Because the processes for the form ation of gametes are com plicated, e.g. 
cell division, chrom osom e and DNA replication. U tter et al. (1987) m entioned 
that m isparings of bases o ccu r and occasionally lead to am ino acid substitutions 
in proteins, e.g. a base substitu tion o f  TTC for TTA  results in an am ino acid
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substitution o f phenylalanine fo r  leucine in a polypeptide chain. These changes 
in the DNA are m u ta tio n s  an d  random ness o f m utants m eans that isolated 
populations accum ulate d ifferent m utation over tim e which are the origins of 
genetic variation in living organism s. Therefore, studies o f genetic variation are 
useful to understand the ancestral history o f a group of species.

There are a variety o f statistics for m easuring the am ount o f genetic 
variation in populations and species. The simplest characters are the alleles and 
genotype frequencies and heterozygosity. H owever the latter is the m ost 
inform ative m easures which are calculated or expected frequencies o f 
heterozygotes (Ferguson, 1980). H eterozygosity  can be denoted for a single 
locus {H) or as an average over several loci {H ) which can  calculate as 
dem onstrated in A ppendix 4. A nother com m only used measure is the proportion 
o f polym orphic loci (/*), but this one does not take into account allele frequencies 
at a locus. Ferguson (1980) m entioned that the o ther measures are the average 
num ber o f alleles per locus, and  the effective num ber of alleles per locus.

1.2.4 Data Analysis

1.2.4.1 A llozym e d a ta  an a ly sis

This particular population genetic study will characterize genetic variation 
w ithin the species P. monodon  throughout much o f its natural range. From data 
collected, a variety o f  analyses are exam ined to define the population structure 
o f the species. E lectrophoretic data are collected as genotypes and  converted to
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allele frequencies then analysed as described below.

A. G enotypic distribution
In the analysis o f allozym e data it is assumed that each  sample set consists 

o f a set o f independent genes taken from a single panm ictic population (single 
interbreeding group o f individuals). For testing that a single panm ictic population  
is sam pled, the d ata  m ust be com pared to an optimal theory  "H ardy-W einberg  
E q u ilib r iu m ”. R ichardson et al. (1986) described that there are two w ays to tes t 
the assum ption. F irstly, the numbers o f each genotype in  the sam ple can be 
com pared with tha t expected in a random ly m ating population with a particular 
allele frequencies. Secondly, the variation in allele frequencies observed betw een 
replicate sam ple sets can be examined.

A m ixed population consisting o f individuals from  tw o different groups 
with different alleles frequencies will have a different d istribution  of phenotypes 
from that expected under Hardy-W einberg Equilibrium conditions (R ichardson 
et al., 1986; U tter et al., 1987). Richardson et al. (1986) explained that because 
the populations m ay consist o f small groups o f relatives (i.e. inbreeding) or larger 
independent subpopulation that were geographically m ixed  at the time o f  
sam pling (i.e. W ahlund Effect). In both cases there will b e  a deficiency in the  
total num ber o f heterozygotes observed com pared with th a t expected.

A com parison betw een the observed marker of genotype and the m arker 
expected from  H ardy-W einberg Equilibrium can be tested for statistical 
significance, using a goodness-of-fit or the log likelihood test (G -
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test ) if th e se  differences are small (Ferguson, 1980; U tter e t a l., 1987; H aiti, 
1988). T h is  suggests that the population is in H ardy-W einberg Equilibrium  and 
can be u se d  for inter-area com parisons, but if  significant heterogeneity in 
genotype frequencies are found within the population then the structuring present 
in that a re a  should be studied and understood (Richardson et a l., 1986).

B. G enetic d ifferentiation
T he characterization o f  genetic variation w ithin and betw een populations 

enables estim ates of association between pairs o f genes in sam ples from different 
populations to be made. T here are two m ethods for deducing the population 
stm ctures.

B l .  C hi-squared test o f  population heterogeneity o f a llelic  & genotypic  
frequencies.
T estin g  the null hypothesis that the allelic and genotypic frequencies in 

different sam ples are not significantly different can be done by m easuring the 
divergence o f  an observed value from the expected value at a single locus or over 
all loci. An exam ination for heterogeneity o f allelic frequencies am ong 
populations can be deduced using the chi-squared test o f hom ogeneity (Siegel, 
1956) and genic contingency chi-square test of W orkm an and N isw ander (1970). 
H eterogeneity in genotypic frequencies can be carried out using the G-test (Sokal 
and R ohlf, (1981). Ferguson (1980) and May and Krueger (1990) suggested that 
G-values derived from  independent com parisons can be pooled  together and 
retested. T h is  pooling and retesting will show w hether geographic clustering o f 
the population  retain the differentiation when all populations are tested at one
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time. M oreover, N ass chi-square analysis (Nass, 1959) and sequential Bonferroni 
technique (H olm , 1979; Rice, 1989) can be used to increase statistical p>ower.

B2. F -statistics
F -statistics are estim ated by com paring the genotypic array o f the 

population surveyed with that exjjected from a random  m ating population. This 
was proposed by W right (1965, 1978) and Nei (1973, 1975, 1977) and the use 
o f this statistic w as reviewed by Hartl and Clark (1989). This is done by 
m easuring the ra tio  o f the difference between the observed heterozygosity to that 
expected under H ardy-W einberg equilibrium .

F -statistics are useful for surveying population structure because there are 
three distinct levels o f subdivision measured: w ithin populations (F,s), between 
subpopulation and the total populations (F„). May & Krueger (1990)
suggested that F „  values are seldom  used since any type o f departure from a 
single panm ictic population will lead to a significant F^. If the sampled 
population consists o f subsam ples from  different locations, F,s values will show 
the departures from  Hardy-W einberg by measuring the am ount o f heterozygote 
deficiency or excess observed in that sample. F^^ values help us to understand 
the degree of population differentiation w ithin species. These tools are often used 
by population b iologists because they can easily be associated with the inbreeding 
coefficient w hich increases the hom ozygosity in a population (W right, 1921).

T o  date, there are tw o ways o f  estim ating the F-statistics, one that 
com putes unbiased estim ators o f gene diversity com ponents, developed by Nei
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(Nei, 1973, 1977; Nei and C hesser, 1983), and the o ther w ith variance 
com ponents developed by Cockerham  (Cockerham, 1969, 1973; W eir and 
Cockerham , 1984). Goudet et al. (1994) com m ented that both groups o f 
estim ators give the same result for when sam ple sizes are equal, but W eir & 
C ockerham ’s F„ deals with the problem  of unequal sample sizes by weighting the 
F,s obtained from each sample by its sam ple size.

C. G enetic distance
To quantify levels of genetic distance betw een pairs o f  populations, a large 

num ber of m easures based on polym orphic loci have been proposed (W right, 
1978). The commonly used m easures recently reviewed and dem onstrated by 
Sw offord and Olsen (1990) are those o f Nei (1972, 1978) and Rogers (1972).

C l. N ei’s distance
The m ost widely used genetic distance w as that o f N ei (1972, 1978). The 

m easure is derived from the probability that tw o alleles, one draw n from  each 
population unit being compared, are the same. However, N ei’s distances (in 
either their original form or as m odified by H illis, 1984) are nonm etric in that 
they frequently violate the triangle inequality as reviewed by Sw offord and O lsen 
(1990). W eir (1990) also stated that N ei’s distance is appropriate for long-term  
evolution when population diverge because o f drift and m utation.

C2. R ogers’ distance
Rogers’ distance, a simple and easily interpretable geom etric basis, is the 

Euclidean distance over all loci betw een the allele frequency vectors for each
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locus o f the tw o populations being com pared. In principle, it is equivalent to 
M ahalanobis’ d istance for m orphological characters so that the relative distance 
betw een population units calculated from  m orphological and from  allelic data can 
be  com pared (R ichardson et a l„  1986). However, R ogers’ coefficient shares with 
N e i’s the undesirable property o f being too heavily influenced by w ithin-taxon 
heterozygosity (W right, 1978; Hillis, 1984); the distance betw een tw o taxa that 

fixed for m ultip le alleles exceeds that between tw o taxa in which one o r bothare
are heteroallelic bu t have no alleles in com m on.

1.2.4.2 M tD N A  d a ta  analysis

The variability in fragm ent patterns resulting from m tDNA digestion 
profiles is in terpreted as genetic variation at the nucleotide level. Thus, the 
differentiation o f  fragm ents pattern constitute the raw  data in m tD N A  population 
surveys. C onsidering all restriction enzym es study, each individual can be 
sum m arized as a  com posite letter code that described its observed m tD N A  
genotype. Individual sam ples that share a com posite m tDNA genotype, often 
called h a p lo ty p e , therefore are said to be a m em ber o f the sam e m aternal clone. 
There are two characters for analyzing population structure, i.e., physical m aps 
o f restriction sites and fragm ent data (Nei and Li, 1979; Nei and Tajim a, 1981; 
Dowling et a l ,  1990). R estriction site characters are preferred to restriction 
fragment characters because fragm ent data provide redundant inform ation. 
However, Berm ingham  (1990) suggested that working with conspecific 
populations and very closely related species, e ither class o f  data provide very 
similar estim ates o f DNA sequence divergence and phylogenetic relationship.
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A. G enetic variation
For intrapopulational variation, a measure o f genetic variation  at the 

nucleon level called nucleon  or haplotypic diversity can be estim ated from the 
frequency o f the different haplotyj>es (Nei and Tajima, 1981). T his is equivalent 
to heterozygosity (h) or gene diversity used in protein polym orphism  studies. In 
m tD N A  studies, how ever this m easure is not appropriate (Nei and Li, 1979) 
because m tDNA contains many genes and therefore the gene diversity would be 
close to 1 in m any populations. Nei (1987) also commented that nucleon size 
generally increases as the sam ple size increase and varies greatly w ith the gene 
studied, therefore they cannot be used as a general m easure. The m ore 
appropriate m easure is nucleotide diversity (ti), a measure o f genetic variation 
w ithin population at the nucleotide level which can be estim ated from shared 
fragm ent or restriction site data (Nei and Li, 1979).

B. G enetic differentiation
To determ ine significant difference between populations u sing  haplotype 

frequencies, Nass (1959) chi-square analysis with small expectations can analyse 
both individual and m ultiple m tDNA genotype frequencies. To judge the 
m inim um  significant level a m inim um  table-wide significance value can  
calculated using the sequential Bonferroni technique (Holm, 1979; Rice, 1989). 
A chi-square test can also determ ine the significant differentiation betw een 
populations using the frequencies of haplotypes in each population. H ow ever, 
O vendon (1990) suggested that the num ber o f haplotypes found in  mtDNA study 
is often large and the distribution of individuals between the haplotypes is o ften  
skewed. By using small sam ple size, this can invalidate the x  analysis. A s
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be constructed from  the presence or absence o f restriction sites o r fragm ents 
using the com puter packages (PH Y LIP, version 3.5, Felsenstein, 1995; PAUP, 
version 2.4, Swofford, 1990). If the differences betw een populations appeared 
as genotype frequency differences, estim ation o f nucleotide divergence over all 
pairw ise com parisons can be estim ated by considering the effect o f polym orphism  
follow ing Nei and Tajim a (1981). C lustering dendrogram  can then be constructed 
from  m atrices o f numerical sim ilarity (nucleotide divergence) between 
populations using the UPGM A clustering m ethod com puted by PHYLIP: 
phylogeny inference package version 3.5 (Felsenstein, 1995).

1.3 BIOLOGY OF P E N A E U S  M O N O D O N

The econom ic im portance o f  Penaeus monodon  to the econom ies of SE 
Asia countries has been described. Some of the potential problem s of its 
w idespread culture have also been m entioned. Despite their econom ic im portance 
in capture fisheries and aquaculture w e know relatively little about the biology 
and population genetics o f Penaeids in general. From our lim ited know ledge on 
the biology and studies in P. m onodon  and other Penaeids can we get any 
inform ation on the possible population structure in this species?

The term  shrimps and praw ns are com m on English nam es used 
synonym ously because no system atic distinction can be m ade betw een the two 
com m on nam es (W ickins, 1976; H olthuis, 1980). The term s com m only used in 
different countries, marine species o f penaeid are called ‘shrim p in the U.S.A.,
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‘praw ns’ in A ustralia, India, and South A frica, while either term m ay be used in 
Japan. In  G reat Britain small carideans (e .g ., Pandalus m ontagui) are called 
shrimp, larger species are called prawns (W ickins, 1976). In general there is a 
great deal o f  confusion when using com m on names to describe shrim ps and 
prawns. H ere I will use marine penaeid as th e  generic term  and call P. monodon  
by its scientific name.

1.3.1 Morphology

T he external m orphology of P. m onodon  has been described by a num ber 
of w orkers from  various countries (V illaluz and Arriola, 1938; H olthuis, 1949; 
Kubo, 1949; Racek, 1955, 1957 and 1972; Hall, 1956, 1961 and 1962; Dali, 
1957; C heung, 1960; M otoh, 1981 and 1986; Bate, 1888; Solis, 1988).

T he description o f P. monodon  is as follow s (Fig. 1.1). T hey  are laterally 
com pressed, elongate, with a w ell-developed abdomen adapted fo r swimming. 
The body is smooth and glabrous. The h ead  (five som ites) and thorax (eight 
som ites) are fused into a céphalothorax, w hich is com pletely covered by the 
carapace. T he rostrum, extending beyond th e  tip o f the antennular peduncle, is 
sigm oidal in shape, and has 6-8 dorsal an d  2-4 ventral teeth, m ostly 7 and 3 
respectively. The carapace is carinate w ith the adrostral canna, alm ost reaching 
to or not as far as the epigastric or first tooth . The gastro-orbital carina occupies 
the posterior one-third to one-half distance betw een the post-orbital m argin o f the 
carapace and the hepatic spine. The hepatic  carina is prom inent and slightly 
curved, extending behind the junction w ith  antennal spine. T he antennular
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flagellum  is sub-equal o r slightly longer than the peduncle. Exopods are p resen t 
on the 1st and 4th pereopods but absent on the 5th. The abdomen is carinate  
dorsally from the anterior one-third o f the 4th, to the posterior end o f th e  6th, 
som ites. The telson has deep m edian groove, without dorso-lateral spines.

T he colour in life has the follow ing features; carapace and abdom en  is 
transversely banded w ith red and white. The antennae are greyish b row n, the 
pereopods and pleopods are brown with red fringing setae. In shallow brackish  
waters o r when kept in ponds, the colour changes to dark brown and often 
blackish (M otoh, 1981). W ithin Penaeus spp., Dali et al. (1990) m entioned that 
the species are m ostly easy to identify and many have distinctive colouring w hich 
is constant in the adults. However, w ithin the genus, the species can m ost easily 
be separated by presence or absence o f a hepatic carina (Dali et al., 1990)

1.3.2 Taxonomy

T he genus Penaeus  Fabricius (1798) was placed on the Official L is t of 
G eneric Nam es in Zoology as Name No. 498 upon the discovery and descrip tion  
of P. m onodon  by John C hrist Fabricius in 1798 (M ohamed, 1970). T h e re  are 
so m any synonym s and in the older literature it is often confused w ith  P. 
semisulcatus. W ith the revision of the specific name m onodon by H olth ius, the 
two species have becom e stabilized and the nam e P. monodon  is now generally  
accepted (Hall, 1961; M oham ed, 1970; M otoh, 1981). These two species can 
easily separate by adrostral carina extending behind the epigastric to o th  and 
postrostral carina distinctly grooved in P. semisulcatus, but adrostral canna
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reaching to or not as far a s  the epigastric tooth and postrostral carina not grooved 
in P. monodon  (Dali et a l., 1990). No subspecies are currently recognized for 
this species and P. m onodon m anillensis (V illaluz and Arriola, 1983) proved to 
be based on an abnorm al specim en o f P. sem isulcatus (M oham ed, 1970; M otoh, 
1981).

1.3.3 Classification

The taxonom ic defin ition  o f giant tiger prawn based on M oham ed (1970) 
is as follows:

P hy lum  A rthropoda 
C lass C rustacea 
S ubclass M alacostraca 
O rd e r  D ecapoda 
S u b o rd e r  N atantia 
I n f r a o r d e r  Penaeidea 
S u p e rfa m ily  Penaeoidea 
F a m ily  Penaeidae Rafm esque, 1815 
G e n u s  Penaeus Fabricius, 1798 
S u b g e n u s  Penaeus 
S p ec ies  monodon

Scientific nam e:
Penaeus (P enaeus) monodon  Fabricius, 1798.
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Synonym s:
Penaeus carinatus Dana, 1852
Penaeus tahitensis Heller, 1862
Penaeus sem isulcatus exsulcatus H ilgendorf, 1897
Penaeus coerulius Stebbing, 1905
Penaeus bubulus  Kubo, 1949
Penaeus monodon monodon  Burkenroad, 1959

FA O  Names:
English: G iant tiger prawn 
French: Crevette géante tigrée 
Spanish: Cam arón tigre gigante

Local Names:
Australia: Jum bo tiger prawn; G iant tiger praw n;

Blue tiger prawn; Leader prawn; Panda prawn 
Burma: Jar-pazun; Pazun-kya 
Cam bodia: Bangkear 
Germ any: Barenschiffskielgam ele 
H ongkong: Ghost prawn; Gwai ha
India: Jinga (Bombay region); Kara chem m een (Kerara);

Y era (M adras); Bagda chingri (C alcutta) 
Indonesia: Udang windo; Udang pantjet 
Japan: U shi-ebi
Kenya: K am ba (large sizes); Kam ba ndogo (sm all sizes)
Pakistan: kalri (word also used for o ther species)
Philippines: Sugpo; Jum bo tiger shrim p
South and East Africa: Tiger prawn
Taiwan: G rass shrimp
Thailand: Kung kula-dum
Vietnam : Tom  su



38

1.3.4 Zoogeography

The P. m onodon  is a tropical shallow-water m arine decapod crustacean, 
trawled over m ud o r sand bottom  to 110 m (Grey et a l., 1983). T he fry, juvenile, 
and adolescent stages occupy shore areas and m angrove estuaries occasionally 
entering rivers, w hile  most o f the adults inhabit deeper waters dow n to 162 m 
(Racek, 1957). D ali et al. (1990) said that the Penaeidae are predom inantly 
tropical stenotherm s with a m inim um  tem perature about 15 °C. Tem peratures 
below this caused by increasing latitude or cold current, are probably the main 
barriers to d istribution. M otoh (1986) showed that in the Philippines the vertical 
distribution o f th is species was from the surface in brackish w ater rivers dow n 
to about 160 m offshore, where the range o f water tem perature and salinity was 
between 22-34 °C , and 4-35 %c, respectively. But in ponds, the range o f the 
physio-chem ical conditions is generally greater than those under natural 
conditions. In Thailand, Kungvankij et al. (1973a) surveyed the distribution and 
abundance o f  P. m onodon  in the Andaman Sea show ed that it w as the dom inant 
species in sandy bottom  conditions at a depth of 35-40 m. Prom sakha (1980) 
reported that P. m onodon  in the G ulf o f Thailand have breeding grounds at a 
depth o f 26-50 m , 11-15 m iles from the shorelines, and where w ater salinity is 
higher than 31 ppt.

The species is widely distributed throughout the greater part o f  the Indo- 
West Pacific region (Fig. 1.2): South Africa, Tanzania, Kenya, Som alia, 
M adagascar, Saudi Arabia, Oman, Pakistan, India, Bangladesh, Sri Lanka, 
Indonesia, T hailand, Malaysia, Singapore, Philippines, Hongkong, Taiwan, Korea,
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Japan, A ustralia, and  Papua New Guinea (R acek. 1955 and 1972; H olthuis and 
Rosa, 1965; M otoh, 1981 and 1985). D ali et a t. (1990) seated that, norm ally, 
they are w idely distributed w ithin the Indo-W est Pacific region. The short larval 
life o f the Penaeidae also restricts the range. T he cold w ater on the westcoasts 
o f both N orth and South A m erica, and the eastern Pacific deep ocean act as an 
effective barrier to  their dispersal, the distribution is therefore restrics this species 
to the Indo-W est Pacific region.

In general, P. m onodon  is distributed from  30°E to 155°E in longitude and 
from 35°N to 25°N  in latitude (Solis, 1988). How ever, the main fishing grounds 
are mostly located in tropical countries, particularly M alaysia, Indonesia, the 
Philippines, India, Bangladesh and Thailand.

1.3.5 Life History

T he typical penaeid life cycle can involve both estuarine and oceanic 
phases the differences are dependent on w hether the species has a predom inantly 
estuarinal and inshore or offshore habitat and  whether they are dem ersal o r 
pelagic in behaviour (Dali et al., 1990). A nother difference is that the eggs o f  
different species are either dem ersal or pelagic after release by the female. In  
addition, K utkuhn (1966) has point out that the  environm ent causes the mam 
modifications in the life histories. In general, developm ent of P. monodon  can  
be divided into three stages: planktonic larval (nauplius, protozoea, mysis, and  
post larval stages), juvenile and adult stages.
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D uring the spawning season , adult P. m onodon  undertake seasonal 
spawning m igrations away from  estuaries and tidal lakes to various depths on the 
continental shelf where copulation  occurs. During copulation the m ale deposites 
a sperm atophore which contains the sperm atozoa in the fem ale thelygum  long 
before spaw ning (Solis, 1988). N orm ally, spawning o f P. monodon  takes place 
offshore at night at about 18-36 m  deep. D uring spawning, the eggs are extruded 
from the paired genital pored at th e  same tim e as sperm atozoa from  the thelygum 
and eggs are fertilized in the w a te r by the m ovem ents o f  pleopods (M otoh,1986).

T he spawning o f P. m onodon  is all year round, but there appears to be 
peaks o f activity. In the Philippines there seems to be two peaks in a year: 
February-M arch and O ctober-N ovem ber, but these can vary from  year to year 
(Motoh, 1981). In Singapore, H all (1962) reported a peak from  February to 
April. Rajyalakshm i et al. (1985) reported a peak in larvae from O ctober through 
April. Corresponding to the p o s t monsoon stability in the water m ovem ent and 
the increasing salinity o f the O rissa  Coast in India. In Taiw an Su and Liao 
(1986) reported the main spaw ning adults from  June to December. In Thailand, 
Kungvankij et al. (1973b) reported  two peak spawning seasons in the Andam an 
Sea; February and August, w h ile  Prom sakha (1980) recorded two peaks in 
January and August in the G u lf o f Thailand.

After hatching, the planktonic stages m igrates inshore, and the postlarvae 
settle on their preferred "nursing grounds". The postlarvae settle in m angrove 
areas, muddy estuaries and m a y  migrate up  river for up to 85 km, where the 
salinity can be very low. The juven iles are euryhaline and can tolerate the low
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salinities com m on in estuaries (D ali et al., 1990). W hen they are about half ad u lt 
length, the juveniles leave the estuary and m igrate offshore until they m ature an d  
spawn.

1.4 POPULATION GENETICS STUDY IN MARINE SPECIES

1.4.1 Allozyme Studies

1.4.1.1 G enetic variation am ong natural populations in crustaceans

The first com prehensive population genetic studies in crustacean w as o n  
the polychrom atism  o f  copepods {Tisbe reticulata) and isopods {Sphaerom a  
serratum  and Jaera albifrons) by Bocquet 1951, Bocquet et al. 1951, an d  
Bocquet 1953 as cited by H edgecock (1986). These and subsequent work on the  
genetics o f colour and m orphology in the Crustacea assisted the syntheses o f  
evolutionary theory. However, by the 1970s, the externally visible polym orphism  
of crustacean w ere set aside for biochem ical genetic variation and allozym e 
studies w hich have continued to proliferate since that time.

In the mid 1960s, since the first papers reported the use o f electrophoretic 
techniques to investigate genetic variation in D rosophila  (Lewontin and H ubby, 
1966) and in hum ans (Harris, 1966), a large num ber o f  different crustaceans h av e  
been analyzed. T he m ajorities o f  these studies have used Cladocera and o th e r  
small species instead o f  D ecapoda because they were easier to m anage and b reed .
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In the surveys on both plants and  animals, Selander (1976) found  that about 25 
to 50 percent o f loci have allozym e polym orphism  (P  =  0.25 to 0.50), and an 
average individual is heterozygous at 5 to 15 percent o f its loci (77 =  0.05 to 
0.15). Invertebrates have the highest level o f genetic varia tion  (P  = 0.50, H  — 
0.15), w hereas vertebrates tend to be at the lowest level (P  =  0 .25, H  = 0.05).

In 97 crustaceans species surveyed for variation at 12 to 43 loci by 
H edgecock et al. (1982), 30.5%  o f the loci in the average population are 
polym orphic and 7.3% o f the loci in an average individual a re  heterozygous (P 
= 0.305, 7? = 0.073). The survey also showed am ong-taxa variation  o f genetic 
variation in the crustaceans. K ruskal-W allis non-parametric analysis o f variance 
on H  and P  over 10 major taxonom ic groups showed highly significant (p<0.001) 
am ong-taxa variation. A lthough unequal within-taxa variation, it is m anifest that 
D iplostraca, Copepoda, C irripedia, and Euphauseacea have m uch  higher levels of 
variation (P  > 0.38, H > 0 . \ 2 )  than the rem aining forms (P  >  0.28, H  > 0.07). 
Hedgecock (1982) inferred that a general trend for higher levels o f genetic 
variation corresponded w ith sm aller body size or low m obility .

The am ount of genetic variation observed in a num ber of D ecapods is 
sum m arised in Table 1.1. C om pared with other animals, these  values are rather 
low (Nelson and Hedgecock, 1980; Hedgecock et al., 1982); in  both freshw ater 
penaeid (P  = 0.10-0.22, H  =  0.039-0.063, Hedgecock et a l., 1979) and marine 
penaeid (P  = 0.22-0.26, H  =  0.019-0.038, Lester, 1979; R edfield  et al., 1980; 
Mulley and Latter, 1981ab; Lester, 1983 ; Sbordoni et al., 1987). The typical life 
cycle o f m arine penaeid includes both estuarine and off-shore phases, plus
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seasonal m igration  to various depths on the continental shelf. T herefore, it is 
possible that th e  low level o f variation is ascribed to "bottleneck effect" o r  small 
population size. In addition, M ulley and Latter (1980) proposed that the 
widespread natu re  o f these penaeid in various different habitats has caused the 
selective elim ination  o f m utational variation, and thus accounts for the low  levels 
of heterozygosity.

T able 1.1 Sum m ary o f Genetic allozym e variation in econom ically 
im portant Decapoda (after Hedgcock, 1986).

Taxonomic
group

N um ber of 
species

N o.of loci 
per species

P H

Penaeidae
M etapenaeus 6 32.0 0.22 0.019

(0.013-0.026)
Penaeus

P a laem o n id ae

14 28.9 0.26 0.038
(0.022-0.058)

Palaemon 8 19.8 0.16 0.062
(0.042-0.086)

Palaem onetes 3 21.3 0.22 0.063
(0.060-0.067)

M acrobrachium
N ephrop idae
Astacidae

6 19.3 0.10 0.039
(0.022-0.060)

Palinuridae
C ancridae
Portunidae

12 26.4 0.19 0.045
(0.035-0.056)

Xanlhidae 5 30.8 0.30 0.064
(0.028-0.111)
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In decapods, the variation also varies significantly am ong genera and 

fam ilies as shown in Table 1.1. W ithin the Panaeidae, M etapenaeus has 
significantly few er alleles and low er average heterozygosity than Penaeus. 
W ithin the Palaem onidae, M acrobrachium  appears to have significantly lower 
average variation than Palaem on  and Palaem onetes (Chow and  Fujio, 1985). In 
contrast to penaeid, crayfish and lobster (nephropidae, astacidae, and palinuridae) 
seem to be a m uch m ore hom ogeneous group, as heterozygosity averaged over 
three fam ilies are no greater than those within an individual genera o f  penaeid. 
Finally, the five brachyurans species have heterozygosities ranging from  0.013 
to 0.128 for Cancer m agister  and Callinectes arcuatus (H edgecock, 1986) which 
is alm ost identical to average value ( / /  =  0.038) o f H edgecock (1982).

The distribution o f  genetic variation in crustaceans w as sim ilar to  studies 
on other species. FBALD*, GPI*. ID D H ', M P I\ P E P C \ and P G M \  tended to be 
more polym orphic than AMY*, GLUDH*, G3PDH*, LD H *, PT*, and SOD*. 17% 
o f the average crustacean population were polymorphic a t GPI*. Further, 
com parision o f observed with expected genotypic proportions in populations o f 
all decapod groups was under H ardy-W einberg equilibrium. H edgecock (1986) 
interred that mating am ong conspecific adult decapods in natural populations is 
sufficiently random  and that progeny groups are sufficiently w ell mixed to  satisfy 
Hardy-W einberg equilibrium .

1.4.1.2 G eographic differentiation am ong conspecific crustacean populations

The geographic distribution o f a sjjecies has im portant consequences for
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the distribution  o f genetic variation am ong the populations. D iversifying 
selection resulting from spatially heterogeneous environm ents can cause 
divergence o f gene frequencies among populations. W e should therefore consider 
the ev idence of genetic divergence among natural conspecific populations. •

In branchiopods, the use o f electrophoretic technique to exam ine 
geographically isolated populations o f the b rine shrimps, A rtem ia franciscana  and 
A. tunisiana, has shown significant intrapopulation genetic differences (Abreu- 
G robois, 1986). The North American species, A. franciscana, exhibit significant 
population subdivisions (F ^  = 0.24, p<0.01), while the Old W orld species, A. 
tunisiana, does not ( F ^ =  0.12, n.s.). In addition, there are electrophoretic studies 
of subdivision o f  A. franciscana, show ing strong ecological isolation of 
populations inhabiting waters o f different ion ic com positions (V anhaecke et al., 
1984), d ifferent tem perature and salinity tolerance among populations (Bow en et 
al., 1985), and interstrain differences in reproductive traits (Brow ne, 1980 and 
1983).

In decapods, particularly marine species with pelagic larvae, direct studies 
of dem e sizes, m igration rates and individual reproductive successes are quite 
difficult to  estim ate especially with com parison to topography, hydrography, 
ocean and tidal current patterns or life history  data. How ever, Burton (1983) 
suggests th a t many m arine species, including decapods, are subdivided despite the 
potential fo r dispersal by pelagic larval and gene flow.
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In palaem onid, geographical differentiation has been more consistently 

reported, ow ing to the greater isolation am ong the freshw ater or estuarine habitats 
occupied by this group. Firstly, M ulley and Latter (1980) reported evidence o f 
population subdivision in the grass shrimp, Palaem onetes pugio, in the vicinity 
of G alveston Bay, Texas. The divergence am ong populations was divided into 
small populations in landlocked ponds by random  genetic drift. For European 
species o f  Palaem on, Berglund and Lagercrantz (1983) reported highly significant 
divergences o f allelic frequencies at alm ost all loci am ong five localities from 
Arcachon, France, to Fiskebackskil, Sweden.

In som e freshw ater penaeid species, the population subdivision relates to 
a shortened larval period or to low larval salinity tolerance, so that dispersal 
between estuaries is restricted, such as the differentiation o f M acrobrachium  
rosenbergii populations between the distinct faunas o f continental Southeast Asia 
and Pacific oceanic islands, and between Sri Lanka and the Indian subcontinent 
(H edgecock et al., 1979). Chow  and Fujio (1985) show interesting differences 
in population subdivision am ong Japanese species o f Palaem on  and 
M acrobrachium . M. nipponese  larvae have a lower salinity tolerance than their 
congenerics. T he species is substantially subdivided with = 0.204 am ong all 
habitats: 0.123 am ong four river populations, and 0.216 am ong four lake and 
pond populations. Four other palaem onid species they studied appear to be 
genetically fairly hom ogeneous.

In A m erican lobster H om arus am ericanus, betw een the G u lf o f St. 
Lawrence and M assachusetts, Tracey et al. (1975) found that the average genetic
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similarity fo r 44 loci am ong p>opulation is high but there was evidence o f 
segregation at the M E  locus in offshore populations. Burton (1983) a lso  points 
out slight bu t significant differences in allele frequencies at other loci in the 
lobster study.

For spiny lobsters Panulirus argus, and brachyuran crabs, gene frequencies 
are rather hom ogeneous over broad geographic ranges (Hedgecock, 1986). Slight 
differences in gene frequencies and in the distribution of rare alleles are reported 
by M enzies and Kerrigan (1978) am ong Caribbean populations o f P . argus. 
Also, N elson and Hedgecock 1980) found no evidence for differentiation am ong 
populations o f the Dungeness crab Cancer magister.

In allozym e studies of m arine penaeid, there is little or no geographic 
differentiation in gene frequencies. M attoccia et al. (1987) reports sligh t = 
0.04) but significant differences in allelic frequencies among populations o f 
Penaeus kerathurus from  the M editerranean Sea, primarily at the M P I\ PG M ' 
and P H i  loci. In addition, L ester (1979) reports hom ogeneity o f  allelic 
frequencies in samples o f P. aztecus, P. duorarum  and P. setiferus collected from 
throughout the G ulf o f Mexico. M oreover, com parison o f P. stylirostris  from  
Ecuador and the G ulf o f California reveal no statistically significant d ifferences 
in allelic frequencies at the GPF, PGM ", and PGDH" loci (Lester, 1983).

M ulley and Latter (1 9 8 la b )  studied geographic differentiation in 
com m ercially im portant penaeid o f northern and eastern Australia and found  that 
the level o f  genetic differentiation corresponds with life history param eters.
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Species w ith lim ited potential for gene flow, such as M etapenaeus bennettae, 
which is restricted to estuaries and tidal lakes and is rare in oceanic waters show 
significant differences in allele frequencies betw een sam ples collected o ff the 
eastern cost o f A ustralia (M ulley and Latter, 1981a). O ther species such as P. 
latisulcatus and M. endeavouri, which occur over wide sea areas but have a 
discontinuous distribution due to a  lack o f suitable habitat, likew ise show genetic 
differentiation betw een regions (M ulley and Latter, 1981b). In contrast, species 
such as P. plebejus, w hich m akes extensive oceanic m igrations show little genetic 
differentiation betw een M ooloolaba in Q ueensland and Lakes Entrance in V ictoria 
(Mulley and Latter, 1981a). R ichardson (1982) investigation o f stock structure 
o f P. latisulcatus in South Australia failed to find variation over a lim ited 
geographical range, but did uncover tem poral variation in the genetic com position 
of populations.

For P. monodon, M ulley and Latter (1980) detected three polym orphic loci 
at A L P -T , PGM* and LDH* w ith a m ean heterozygosity o f 0.008±0.005. K o et 
al. (1983) reported m ean heterozygosity o f 0.013 over 29 enzym e loci and found 
three polym orphic loci. Tam  and Chu (1993) found four polym orphic loci (GPI*, 
PG M -T, LAP* and TR*) with m ean heterozygosity of 0.040±0.022. Benzie et al. 
(1993) observed eight polym orphic loci at GPI*, LGG*, LT-1 , M DH-1 , M D H -2 , 
MPI*, PGDH* and PGM* w ith mean heterozygosity o f 0.05 calculated from  the 
eight polym orphic loci. They reported highly significant difference in gene 
frequencies between populations on the w est coast and those on the northern and 
eastern coastlines o f Australia. These differences suggest that gene flow in recent 
times has not sufficient to elim inate genetic differences caused by isolation during
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the last glacial o f these population over 14000-17000 years ago (Benzie et al., 
1993).

1.4.2 Mitochondrial DNA Studies

On the basis o f mtDNA genetic diversity in populations o f  terrestrial and 
freshwater species, it was predicted that the mitochondrial genom e could be ideal 
for classifying geographic structuring of m arine populations and m ight therefore 
be useful for fishery m anagem ent (Avise 1985; Ferris and Berg, 1987). However, 
previous surveys showed that m arine species seem to have less m tD N A  diversity 
than terrestrial and freshwater species and data also suggest that some marine 
species may show little or no mtDNA differentiation over large geographic areas 
(Avise, 1985). The relative lack of intraspecific population structure in most 
m arine species is related to the physical environm ent and th e ir life history- 
generally high dispersal capabilities. W aldm ann and W irgin (1994) said that the 
low levels o f m tD N A  sequence divergence am ong m arine species is probably the 
result o f bottleneck effects. This is because effective population size (N^) o f  the 
the m tDNA genom e is effectively one fourth that o f the bisexually inherited 
nuclear genome, m aking it m ore sensitive to erosive population bottlenecks 
(Billington and Hebert, 1991). Even though, Ovendon (1990) suggested that 
m arine species m ay have a slow er rate o f m tDNA evolution and in  some species 
may maintain m ore frequent fam ily-specific mortality. How ever, Avise (1985) 
indicated that m tD N A  analysis for m arine species has been b iased  because the 
analysis has been carried out only on the species that were found to have no or 
low level o f allozym e variation. Recently, there have been several studies
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showing high intraspecific m tDNA genetic variation. M arine species therefore 
m ay be m ore structured  than has previously been thought.

Patterns o f  m tD N A  variation have been exam ined in m any m arine species. 
In aquatic invertebrates, Skibinski (1994) concluded that the m ost widely studied 
groups appear to b e  bivalve mollusc, echinoderms, and arthropods, particularly 
Crustacea. W hile m ost o f the echinoderms papers are studies about m olecular 
evolution, the b ivalve and crustacean papers are studies on population genetics.

For m ollusc, Edwards and Skibinski (1987) surveyed m tD N A  variation 
within the hybrid zone of the mussels M ytilus edulis  and M. galloprovincialis  
along the coastline  o f south-western England. A lthough no distinct m tD N A  
haplotypes w ere found, test showed significant differences in m tD N A  genotype 
frequencies betw een  mussels from M. edulis populations (Padstow  and Bude) and 
M. galloprovincia lis  population (Swansea). A clear genetic subdivision fo r 
mollusc has been recorded in the American oyster Crassotrea virginica  (Reeb and 
Avise, 1990). 212 individuals were collected from 14 continuous locations on  
the eastern coast o f  the United States from the Canadian border to Texas, w ith 
13 restriction enzym es all 82 haplotypes were distinguished into two distinct 
groups, one on A tlantic coasts and the other within the G ulf o f  M exico, w ith a 
breakpoint on the coast of Florida. The mean sequence divergence betw een the 
two distinct haplotypes was 2.6%. However, no genetic variation was found in 
mtDNA restriction fragments o f blacklip abalone H aliotis rubra collected from  
the coastline o f Tasm ania. Despite the limited o f larval dispersal o f this species, 
Barrett (1989) as c ited  by Ovendon (1990) concluded that the am ount o f  gene
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flow  may be large enough to hom ogenize m tDNA o f the sjjecies.

In echinoderm s, V aw ter and Brown (1986) and Palumbi and W ilson 
(1990) both studied intrasjjecific m tDNA variation in the North A m erican sea 
urchin {Strongylocentrotus purpuratus) and the estim ation of m tD N A  sequence 
divergence w ere 0.99%  and 0.48%  resp>ectively. Palumbi and W ilson (1990) 
found four clades am ong 38 individuals but no subdivision o f m tDNA haplotypes 
betw een A tlantic and Pacific populations. However, they did find significant 
genetic differences betw een Atlantic and Pacific populations with total 
intraspecific divergence o f 1%.

For arthropods, Saunders et al. (1986) detected spectacular sequence 
variation of m tD N A  in horseshoe crab Limulus polyphem us. Three haplotypes 
w ere observed only in the northern populations (Georgia to New H am pshire) and 
seven haplotypes were observed only in the southern (Cape Canaveral to Panam a 
City). This dram atic difference ip  = 2%) was a surprise, because the horseshoe 
crab is continuously distributed along the coastline and has free-swim m ing larvae 
w ith no obvious barriers to gene flow. Saunders et al. (1986) com m ented that 
this genetic break point corresponds to a transition area between w arm -tem perate 
and tropical m arine faunas as seen in the Am erican oyster paper (R eeb and A vise 
, 1990).

W ithin Crustacea, sequence variation of m tDNA were found in m any 
species. Crease et al. (1990) and Bucklin and Kann (1991) found highly 
subdivided species o f cladoceran D aphnia pulex  and copepod Calanus pacificus
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within 100 km. In decapods, Kom m  et al. (1982) and M cLean et al. (1983) 
found distinctive restriction haplotypes fo r spiny lobster (Panulirus argus) 
between populations separated by 110 km  and  280 km respectively. B ut these 
studies used low numbers o f anim al (24 and 24) and restriction enzym es (2 and  
6). Geographic subdivision w ere found in five species o f rock lobster Jesus  
verreauxi, J. novaehollandiae, J. edwardsii, J. lalandii and J. tristani using 
mtDNA (B rasher et al., 1992ab). The long  life of phyllosom a larvae and  
prolonged pelagic stage o f J. spp. lead to genetic similarity between A ustralian 
and New 2^aland populations. H ow ever, intraspecific m tDNA nucleotide 
sequence diversity was generally high (0.33-0.99% ) between these populations, 
suggesting restrictions to gene flow  across the  Tasmanian Sea.

For P. m onodon, Benzie et al. (1993) and Bouchon et al. (1994) bo th  
detected genetic divergence o f m tDNA betw een populations. Bouchon et al. 
(1994) digested total mtDNA of P. monodon  w ith  twelve restriction enzym e; n ine 
of them were 6-base cuttersifiam H I, BglW, C lal, £"coRV, Pstl, P vm I I ,  S a d ,  S tu l  
and 5ryl, two w ere 4-base cutters: Hhal an d  M spl, and one a 7-base cutter: 
E coO \09. Three restriction enzym es exhibited polym orphism  betw een 
populations, i.e. B glll, H hal and Pstl w ith high intraspecific mtDNA sequence 
divergence betw een the Fiji strain and the A ustralia/M alaysia strains o f  1.68%. 
These three strains were obtained from laboratory stock. Though they m ay 
represent different natural population the sm all population sizes used in the  
laboratory over a  num ber o f years appears to  have resulted in inbreeding and the 
loss o f all intrastrain variation. However, Benzie et al. (1993) observed fou r 
polymorphic enzym es, i.e. Bam H l, EcoRW, S a d  and E coO l09 , and they did find
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a significant difference betw een P. monodon  w ild populations from  east and west 
Australian coasts (x^=7.23, d.f.=2, P<0.05) but not among the east coast 
populations (x^=1.0, d.f.=2, P>0.5) which appeared to confirm  their earlier 
finding using Allozymes.

1.5 THE AIMS OF THE STUDY

The biology suggests that dispersal is possible but that it m ay be restricted 
by spawning ground and nursery habitat and is likely to be controlled by the local 
hydrological conditions pertaining at any site. From  allozyme studies, decapods 
generally have low levels o f  heterozygosity but a reasonable num ber o f loci, 
possible 8-10, could give good information on the breeding structure o f P. 
monodon in the present study. M tDNA analysis, although there have been few 
studies in decapods should g ive com plem entary inform ation on the structure past 
and present o f the species. In the present study, samples have been collected 
over the species range but w ill concentrate on the Malay Peninsula. T o ensure 
that there was no tem poral variation sam ples were collected tw ice w ith an 
interval o f 1 year between sam plings. All populations were analysed for both 
allozyme and mtDNA. The aims o f the present study are as follows:

1.5.1 To determ ine the population breeding structure of P. m onodon  in 
Southeast Asia and Kenya.

1.5.2 To determ ine the levels o f genetic differentiation w ithin  and betw een 
populations.
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variation in  specific enzym es in this studies. 70 enzym e system s were tested in 
8 buffer system s. The buffers which gave the best separation and resolution w ere 
then selected  for population studies. To visualize isozym e banding patterns 
specific enzym e histochem ical staining recipes o f Harris and H opkinson (1965), 
Shaw and Prasad (1970), Redfield and Salini (1980), R ichardson et al. (1986), 
M orizot and Schm idt (1990) and M urphy et al. (1990) w ere used with m inor 
m odifications (see Appendix 1).

2.2.3.1 Preparation o f starch gel

A starch gel slab (18x15x0.55 cm) was prepared from  11-12% w /v 
hydrolysed potato starch (Sigm a No. S-4501). The w eighed dry starch was added 
to the appropriate electrophoresis gel buffer in an Erlenm eyer flask it was then 
im m ediately swirled over a Bunsen burner to m ake a uniform  suspension and 
heated. A fter the solution was gently boiled for about 2 m in it was degassed 
using a w ater aspirator to rem ove air bubbles, poured into a gel m ould then 
covered w ith  a glass plate. The hot gel was allowed to cool at room tem perature 
for at least 2 h o r more usually overnight before being used.

2.2.3.2 Sam ple loading

T he cooled starch gel was rem oved from the m ould, blotted dry with tissue 
paper and  the slab was cut into two by a cut being made parallel and 
approxim ately 4 cm from the one o f  the longest sides edge o f the gel. The tw o 
pieces o f  the slab were then separated ready for the sam ple wicks to be applied
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to the cu t edge o f the longer piece o f gel. Sam ples w ere prepared simply by the 
freeze thaw ing o f the particular tissue being analysed, same tissues were ground 
with a plastic m ortar that would fit into the E ppendorf tube. Filter paper sample 
wicks (W hatm an 1) o f 2x6 mm being placed directly against the tissue so that it 
absorbed any cytoplasm  released after thaw ing from  the dam aged tissue. The 
wicks w ere then placed against the cut edge o f the gel slice. To ensure the best 
possible resolution the gel and the sam ples were m aintained at 4°C. W ith 
approxim ately 1 m m  separating paper wicks, up to 30 samples can be applied to 
an 18x15 cm  gel.

In order to m onitor the progress o f the electrophoresis run, the first and the 
last w icks w ere soaked in 0.1% brom ophenol blue tracking dye and inserted 
about 3-4 m m  from  the edge o f the gel m ould. T his dye has a large negative 
charge and m igrates anodally through the gel ahead o f all proteins. Once all 
sam ples had been loaded, the gel was put back into the gel mould and tighten 
with a sm all spacer. To standardize mobility, tiger praw n control sam ples were 
loaded on each gel for com parison o f the banding patterns o f unknown samples. 
All polym orphic individuals were rerun side by side to  confirm any differences 
in mobility.

2.2.3.3 E lectrophoresis

T here w ere 4 electrophoresis buffers that gave good resolution in tiger 
prawn, nam ely TB E pH 8.5, TCE pH 7.0, TCB pH 8.6, and CTC pH 8.0. Buffer 
preparation and running condition are listed in A ppendix 1. The gel m ould with
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sam ple wicks was placed in a Shandon electrophoresis tray containing the 
appropriate buffer and the circuit w as com pleted using soft-cotton-cloths. To 
prevent excessive dehydration, each gel was covered with a piece o f polythene 
sheet. Then the gel was subjected to a  DC pow er supply and run in a refrigerator 
at 4°C  using 200-250 V for 4-5 h. T he paper wicks were rem oved after 15-20 
m inutes because the wick can prevent current flow across the gel and reduce the 
resolution o f bands (Aebersold et al., 1987).

2.1.3.4 Gel slicing

After com pletion o f the electrophoresis run, the gel was rem oved from  the 
bath and the mould discarded and then trimmed to rem ove desiccated edges and 
unnecessary portions of the gel. It w as then dried by blotting it on tissue paper. 
The gel was sliced horizontally into 1.5 mm slabs on a Shandon slicing table. 
Up to  3 slabs can be cut from 5.5 m m  thickness gel. Each slab was put into a 
separate staining tray, the top slice w as inverted as staining resolution is much 
better on a cut surface.

2.2.3.5 Enzym e histochem ical stain ing

To stain each gel slab, the enzym e stains were applied either as agar 
overlays or as solutions depending on enzym e system  and staining recipes (listed 
in Appendix 1). For histochemical staining, dry chem icals were w eighted first, 
then dissolved in an appropriate pH staining buffer (App>endix 1) for a particular 
enzym e and then the liquid cofactors w ere added. In the agar overlays technique.
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the staining solution w as mixed w ith equal volum e o f 2% agar at 50-60°C  and 
im m ediately poured o ver the gel surface. The tem perature o f agar should not too 
high as it will denature linking enzym es in stains. After the agar w as set, m ost 
the staining slabs w ere kept at 37°C in a dark incubator to speed up enzym e 
reaction and lim it exposure to light for som e o f the dyes. Positive staining can 
be seen as violet or b lack colour. For enzym es detected w ith ultraviolet light, 
enzyme activity was visualized under long-w ave (365 nm) UV light. Incubation 
times vary depending on the enzym e, therefore the enzym e stains m ust be 
continuously m onitored to prevent overstaining.

2.2.3.6 Preservation o f  stained gels

The gels could be preserved as a perm anent record using a num ber o f 
techniques which depended on the type o f  stain. The correct fixing solution and 
method for preservation o f each stain are shown in Appendix 1. Stains which are 
in the gel slab can be preserved by using acid-alcohol or glycerol fixing solutions. 
The agar overlay is peeled  off and the gel sealed in plastic bag and kept at 4°C 
or can be w rapped in cellophane sheet m aking transparent gel (N um achi, 1980) 
and kept at room  tem perature. M urphy et al. (1990) recom m ended that agar 
overlay stains can be fixed and dried on filter paper (e.g., 3 m m  ), then pressed 
fiat and w rapped in plastic for safe handling because the agar will retain 
dangerous chem icals fo r years. The overlays are stored in the dtu'k at room  
tem perature to prevent the fading o f the staining by light.
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2.2.4 Interpretation of Electrophoretic Patterns

Enzym e names, abbreviation and enzyme number fo llow ed  that 
recom m ended by the International Union o f  Biochemistry’s N om enclature 
Committee (lU BN C, 1984; Shaklee, et al., 1990), in which loci are identified by 
italic abbreviations reflecting the name o f enzyme or protein, e .g . MDH* for 
Malate dehydrogenase. For m ultilocus isozymes, when there is m o re  than one 
locus coding for that enzyme, these isozymes were identified by  hyphenated 
Arabic num ber, e.g. M O H -T , M D H -2 '\ the numbers are assigned sequentially  in 
relation to the electrophoretic m obilities of homomeric isozymes, s tarting  with the 
slowest or least anodal subunit. V ariant alleles were also identified according to 
their relative electrophoretic m obilities and the mobility of the m o s t com m on 
allele in the species designed as 100.

2.2.5 Data Analysis

Estim ates o f gene frequencies, basic statistical tests an d  clustering 
procedures were done by using the BIOSYS-1 computer program (S w offord  and 
Selander, 1989) and calculating form ulas are summarised in A ppendix  2. All 
polymorphic loci either before or after combining were tested for conform ity  to 
Hardy-W einberg equilibrium  m odel o f alleles in population by u sin g  chi-square 
goodness-of-fit test. However exact significance probabilities (analogous to 
Fisher’s exact test for 2 x 2  contingency tables) were calculated, avoiding the 
difficulties encountered in using the chi-square distribution for sm all stunple 
(Vithayasai, 1973). In addition, the log likelihood test (G -test) were also



65
calculated and preferred  if  the expected values are small (Ferguson, 1980).

Tests for hom ogeneity  am ong the samples were carried out betw een years 
at same site, ad jacen t paired localities, paired com parison, and sim ultaneously 
among all locations. Genetic differentiation were estim ated using both allele and 
genotype frequencies. Genic contingency chi-square test fo r a d ifference in allele 
frequencies (W orkm an and Nisw ander, 1970) and Nass chi-square analysis w ith  
small expectations for heterogeneity in genotype frequencies (Nass, 1959) w ere 
performed to te s t significant difference between populations. In addition, the 
significance v a lu es used were corrected using the sequential Bonferroni technique 
(Holm, 1979; R ice , 1989) to increase statistical power.

F-statistics (W right, 1965, 1978; Nei 1973, 1977) were also com puted 
using the B IO SY S-1 com puter program  (Swofford and Selander, 1989) to 
partition genetic differentiation w ithin population (F,^) and between population 

A  ch i-square  test was then used to evaluate the significance o f F,^ and F^^ 
values (Li and H orvitz , 1953; W orkm an and Niswander, 1970; W aple, 1987) as 
shown in A ppendix  2 .

To quantify  genetic differences or similarities betw een pairs o f population, 
Nei’s genetic d istance (Nei 1972, 1978) and Rogers’ distance (Rogers, 1972) 
were calculated based on all loci studied. These genetic distance can be 
visualized by u sin g  the unw eighed pair-group arithem etric average (U PG M A ) 
clustering m ethod  (Sneath and Sokal, 1973) to produce a genetic distance 
dendrogram.
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2.3 RESULTS

2.3.1 Genetic Interpretation of Allozyme Banding Patterns
From  the 70 different enzym es that were tested, a total o f 32 enzym es 

could be reliably stained w hich resulted in the identification o f 46  putative loci 
being scored in P. monodon, o f  which 10 loci were consistently polym orphic at 
99% level, nam ely, AA7’- 7*, AAT-2*, ALAI*, ESD , G P I , IDHP  , M D H -I , MDH- 
2*, M P Í  and P G M \  The banding patterns observed at the polym orphic loci were 
consistent w ith the expected quaternary structure o f  the particular enzyme. The 
protein structure o f all enzym es investigated, the num ber of encoding loci, and 
the tissues specific to enzym e loci are shown in Table 2.2. All 46  loci exam ined 
were detected in the anodal zone o f the gel.

A S P A R T A T E  A M IN O T R A N S F E R A S E  (AAT) 
[G LU TA M IC-O X A LO A CETIC TRANSAM INASE (GOT)]
Two loci, A A T -T  and AAT-2*, were observed in abdom inal m uscle and pleopod 
in P. m onodon  sam pled in the study. Mulley and Latter (1980) only identified 
1 locus in A ustralian P. m onodon  but it is generally assum ed most higher 
invertebrates and vertebrates express two loci; a cytoplasm ic and a mitochondrial 
form (H edgecock et al., 1982). M attoccia et al. (1987) also observed two loci 
in P. kerathurus.

Both loci w ere variable but heterozygotes usually appeared as elongated bands 
rather than discrete 3 banded heterozygotes. However, the fast heterozygote for 
AAT-2* [ w hich the enzym e structure has been reported as dim eric in fish
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(A ebersold et a l., 1987; M orizot and Schmidt. 1990)] w as clearly seen as a 3 
banded heterozygote in the Philippines population containing the dim eric structure 
o f the enzyme in this species.

Three alleles w ere observed in  both A A T -T  C l50. '100, *89) and AAT-2* C l 15. 
100, 78) (Fig. 2.2). Because o f low resolution o f  this enzym e on the gel, other 

studies on Penaeids have not reported so many alleles o r confirm ed the dim eric 
structure (M ulley and Latter, 1980; Mulley, 198lab ; R ichardson, 1982; Sbordoni 
et al.. 1986; Lavery and Staples, 1990). These studies have recorded these loci 
as being m onom eric or only having rare alleles.
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tN o t«
------ *-*------------ ' * •

D « f  ^  iUttK_______
si«ccricl>ot«ntialI«*!/, •  * ^

1718 2 2 2 3—i \— 2 8  29 31—I t

_  A A T -2 ’/J5
—  AAT-2'tOO
—  AAT-2‘78

-  A A T -I‘)50
-  A A T-J’/OO

Fig. 2.2 Zym ogram  exhibiting variation at A A T  in pleopod extracts from  P. 
monodon: genotype A A T -l*150/150  is at lanes 18-22, genotype AlA T -T  100/100  
IS at lanes 1-17, 23-31, genotype AAT-2*115/100  is at lanes 11, 14, 24-25, 29, 31, 
genotype AAT-2*100/100  is at lanes 1-10, 12, 15, 17-23, 26-28, 30, genotype 
/^ T -2 * 100/78  is a t lanes 13, 16.
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A C ID  P H O S P H A T E  (A C P)
T w o loci, ACP-1* and ACP-2*, were detected. T w o  loci were also found in P. 
kerathurus. and  P. stylirostris (Lester, 1983; M attoccia et al., 1986) and in 
M etapenaeus bennettae  and M. dalli (Salini and M oore, 1985) but on ly  one locus 
w as found in P. monodon  and other penaeid species by M ulley and L atter (1980) 
and Sbordoni et. al. (1986). This enzym e was detected  in the hepatopancreas as 
in previous studies on penaeid (M ulley and Latter, 1980; Redfield and Salini, 
1980). No variation was observed for this enzym e in this or previous studies on 
P. m onodon  (M ulley and Latter, 1980; Benzie et al., 1992).

A D E N O S IN E  D E A M IN A SE  (ADA)
T w o m onom orphic loci, ADA-1* and ADA-2*, w ere observed for th is enzymes. 
T w o m onom orphic loci were detected in post larva and juvenile stage but three 
loci in adults o f  P. escalentas and P. sem isalcatus (Lavery and Staples, 1990). 
T hree loci were also detected in P. japónicas (Sbordoni et. al., 1986a and  1986b). 
Both loci in this study were observed in abdom inal m uscle, whereas ADA-1*  was 
tissue specific in pleopod m uscle and heart, and A D A -2  in hepatopancreas.

A D E N Y L A T E  K IN A SE  (AK)
A single m onom orphic locus was resolved for AK* as was the case fo r m ost o f 
the penaeid w hich have been analysed. Only in  M. endeavoari (M ulley and 
Latter, 1981b) have any variant alleles been observed  in a tropical Australian 
population, suggesting low levels o f variation in this enzym e. The enzym e was 
observed in pleopod and abdom inal muscle w hich w as consistent w ith  the reports 
o f  M ulley and Latter (1980) and Redfield and Salini (1980).
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A LA N IN E AM INO TR A N SFER A SE (A LAT)
[G LU TA M IC-PY RU V A TE TRA N SA M IN A SE (GPT)]
Activity reflecting a single dim eric A LA I*  w as detected. This locus was strongly 
and clearly observed in pleopod tissue. This locus was found to be highly 
polym orphic in this species as shown in Table 2.3 A, 2.3 B, 2.3 C. In other 
species o f  penaeid th is enzyme was observed to be m onom orphic (Richardson, 
1982; Salini and M oore, 1985; Lavery and Staples, 1990). In this study, three 
alleles, '100, *68, *52, were found throughout the populations in SE Asia. The 
African population w as fixed for the *68 allele.

ALK ALINE PH O SPH A TA SE (ALP)
Two loci, ALP-1* and ALP-2*, were observed in hepatopancreas. In this study 
the resolution was variable, some putative heterozygotes were observed at both 
ALP-1* and ALP-2* bu t were not scored as repeatability was low. M ulley and 
Latter (1980) also observed two loci and found no variation at ALP-1* and a few 
heterozygotes at ALP-2*. Benzie et al. (1992) observed no variation at these loci 
in Australian P. m onodon  populations.

ALDEHYDE O X ID A SE (AO)
Two m onom orphic loci, AO-1* and AO-2*, were detected in P. monodon. Both 
loci w ere scored in  pleopod m uscle, whereas only AO -2  was active in 
hepatopancreas. T he observation o f two invariant loci in this species is consistent 
with the studies on o ther Penaeus spp. (Lester, 1983; Sbordoni et al., 1986a and 
1986b), but only a single locus was found in thirteen m arine penaeid species 
studied by Mulley and  Latter (1980).
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AR G IN IN E K IN A SE  (ARK)
A single m onom orphic locus ARK* w as scored in pleopod tissue. A sing le  
m onom orphic locus is consistently resolved in penaeid; P. esculentus, P . 
sem isulcatus (Salini and M oore, 1985), M. bennettae, M. dalli (Lavery an d  
Staples, 1990). Shaklee and Keenan (1986) also suggested that this locus is o n ly  
present in invertebrates.

ESTERASE (EST)
a-N aphthyl acetate was used as the enzym e substrate in the staining m ixture. 
Three different loci, EST-1*, EST-2* and EST-3*, were scored for this enzym e. 
EST-1* and EST-2* w ere tissues specific in hepatopancreas, whereas EST-3  w as  
detected in hepatopancreas and pleopod. All three loci were m onom orphic. 
Three EST loci have been consistently recorded in P. monodon  and in o th e r  
marine penaeid (M ulley and Latter, 1980).

ESTERASE-D (E SD , ESTD)
A single polym orphic locus ESD  w ith 4 alleles, 105, 100, 89  and 75, w as 
scored for this enzym e in pleopod. T he polym orphic patterns appeared only as 
an elongated band fo r the slow er heterozygote but three bands separated for fa s te r 
heterozygote. T he three-banded heterozygotes confirm  the dimeric structure o f  
this enzym e found in other species (H arris and Hopkinson, 1965; R ichardson et 
al., 1986).

FRUCTO SE-BIPH O SPH A TE A L D O LA SE (FBALD, ALDO)
A single anodal m onom orphic locus w as resolved for FBALD* in P. m onodon.
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One m onom orphic locus is consistently resolved in pleopod in this and o ther 
species (M ulley and Latter, 1980; Redfield and  Salini, 1980; Benzie et al., 1992).

FUM ARATE H YDRATASE (FH)
[FUM ARASE (FUM)]
Only one monomorphic locus, FH* w as scored in pleopod, heart and 
hepatopancreas. In pleopod the enzym e often appeared as a  triple-banded pattern. 
Richardson et al. (1986) com m ented that this is a com plex locus and often 
resolves extra cathodal sub-bands. This enzym e is also usually observed as a 
single monomorphic locus in o ther penaeids (Mulley and Latter, 1980; Lavery 
and Staples, 1990; Benzie et a l., 1992).

G LYCERALDEH YDE-3-PH O SPH ATE D EH YDRO G ENASE (G A PD H , 
GAPD)
Only a single locus was observed in pleopod and abdom inal muscle for GAPDH*. 
The detection o f one GAPDH loci with no variation in P. monodon  is consistent 
with the findings of Mulley a n d  Latter (1980) and Benzie et al. (1992).

G LUTAM ATE D EH YDRO G ENASE (G LU D H , G LU D )
Activity reflecting only a single locus GDH  was scored. T he enzyme w hich was 
detectable in pleopod, heart an d  abdominal muscle was m onom orphic. These 
observation have been confirm ed by other allozym e studies in P. m onodon  and 
other penaeid (Mulley and L atter, 1980; Lavery and Staples, 1990; B enzie e t al., 
1992).
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G LY C ER O L-3-PH O SPH A TE DEH Y D R O G EN A SE (G 3PD H , G PD )
Only a single monom orphic locus was observed in  pleopod and abdom inal 
muscle for G 3PD H ' in all populations. This is consistent the results from  other 
species (M ulley and Latter, 1980; Benzie et a i ,  1992).

G LU C O SE-6-PH O SPH A TE D EH YDRO G ENASE (G 6PD H , G6PD)
Activity reflecting a single m onom orphic G6PDH* locus was detected in pleopod 
and abdom inal m uscle as in other studies on P. m onodon  (M ulley and Latter, 
1980; B enzie et a l ,  1992). In other penaeid studies, G6PDH* has been observed 
as both a m onom orphic (Sbordoni et al., 1986 and 1987; Lavery and Staples, 
1990) and polym orphic locus (M attoccia et al., 1987).

G LU C O SE-6-PH O SPH A TE ISO M ERASE (GPI)
A single polym orphic GP/* locus was observed w hich expressed strongly and 
quickly in pleopod, abdom inal muscle and hepatopancreas (zym ogram s needed 
to read w ithin 20 min). T he GP/* locus was polym orphic in alm ost all 
populations. This was sim ilar to the results of Benzie et al. (1992) in A ustralian 
P. monodon, G PI' is also highly polymorphic in other species o f penaeid (M ulley 
and Latter, 1980; R ichardson, 1982; Lester, 1983; Salini and M oore, 1985; 
Lavery and Staples, 1990) and in many other species of invertebrate (Hoelzel, 
1992).

There w ere five variant alleles, U33, '125, '100, '78  and '60, in this study which 
agreed w ith  the findings o f Benzie et al. (1992) as shown in Fig. 2.3. GP/* 
heterozygotes were triple banded confirm ing the dim eric structure of th is enzym e
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in penaeid as recorded by M ulley and Latter (1980), Richardson (1982), Salini 
and M oore (1985), Salini (1987) and Lavery and Staples (1990).
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Fig. 2.3 Zym ogram  exhibiting variation at GPI in pleopod extracts from  P. 
monodon: genotype GPI*135/100  is at lanes 21, genotype G P I'125/100 is at lanes 
8, 9, genotype G PV100/100  is at lanes 1-6, 11, 14-20, 22-24, 28, 29, 31, 
genotyp>e G P V 100/78 is at lanes 7, 13, 25-27, 30, genotype GPP100/60  is at 
lanes 10, 12.

H EXO K INASE (HK)
Two anodal loci, H K -T  and H K -2‘, were detected in P. monodon. H K -1 ' was 
observed in pleopod and heart, but H K -2' was detected in almost all tissues, i.e. 
pleopod, abdominal m uscle, heart, hepatopancreas. Lester (1979 and 1983) and 
Salini and M oore (1985) also reported two loci in a number o f penaeid species, 
how ever M ullcy and Latter (1980) only scored one locus.
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H K -2’ appeared to be variable with double-banded heterozygotes, but, the patterns 
were no t consistent and genotype frequencies in all populations were not in 
H ardy-W einberg equilibrium  because of a deficit of heterozygotes. Because of 
this it w as decided to treat it as an invariant locus.

L-IDITOL d e h y d r o g e n a s e  (IDDH )
[SORBITOL D EH Y D RO G EN A SE(SD H , SORD)]
Activity reflecting only a single locus ID D H ' was scored. T he enzym e which 
was detectable in pleopod and abdom inal muscle was m onom orphic in all 
populations. A  sim ilar finding was made in the allozyme studies on P. monodon  
by M ulley and Latter (1980) and Benzie et al. (1992).

ISO C ITR A TE DEH YDRO G ENASE(NADP*) (IDHP, IDHI)
A single polym orphic locus was resolved for ID H P' in P. monodon. The 
products were expressed as very sharp bands and with a strong staining intensity 
in pleopod m uscle and heart. Some workers (M ulley and Latter, 1980; 
Richardson et al., 1986) described a single variant locus in m ost of the penaeid 
species they analysed w hereas Salini and Moore (1985) and M attoccia et al. 
(1986) found it to be polym orphic in M. bennettae, M. dalli and P. kerathuru.’!.

In this study 3 variant alleles, '100, '90  and '80, were observed (Fig. 2.4). All 
heterozygotes exhibited a three-banded pattern in a 1:2:1 ratio o f staining 
intensity, as expected from  the dimeric structure o f this enzym e (H am s and 
Hopkinson, 1976).
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Fig. 2.4 Zym ogram  exhibiting variation at ID H P  in pleopod extracts from P. 
monodon: genotype ID H P '100/100  is at lanes 1, 3-4, 8-9, 11-13, 19-22, 26, 28, 
32, genotype ID H P '100/90  is at lanes 2, 5-7, 15-18, 23-25, 27, 29-31, genotype 
ID H P'90/90  is at lanes 14.

L-LA C TA TE d e h y d r o g e n a s e  (L D H )
Two loci, L D H -l ' and LD H -2', were scored in pleopod muscle, whereas L D H -I' 
and LD H -2' had  tissue specific activity in eye and hepatopancreas respectively. 
Two loci w ere  also found in P. kerathurus, P. stylirostris and P. japonicus 
(Mattoccia et al., 1986; Sbordini et al., 1986a and 1986b), but only one in P. 
monodon nnd other penaeid species (M ulley and Latter, 1980; Lavery and 
Staples, 1990). No variants were found in either locus in this study. This agreed 
with the observation o f Benzie et al. (1992) in this species, whereas Mulley and 
Latter (1980) thought it was polym orphic in the Australian populations they 
analysed.
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M ALATE DEHYDROGENASE (M DH)
Tw o loci, M D H -1' and M D H -2', w ere scored in  this study (Fig. 2.5) which is 
consistent with other studies on P. monodon (Benzie et a i ,  1992) and in o ther 
penaeid species studied ( M ulley and Latter, 1980; Mulley, 1981a and 1981b; 
Richardson, 1982; Lester, 1983; Salini, 1983; Sbordoni et a l ,  1986a and 1986b; 
Lavery and Staples, 1990). Both loci w ere polym orphic and expressed in 
pleopod, abdominal muscle and heart. M D H  has been reported as dim eric in 
nearly all vertebrates and invertebrates (R ichardson et al., 1986; Aebersold et al., 
1987). Heterozygote apf>eared as a  deeper band, three bands no t being clearly 
visualized under these conditions o f  staining.
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Fig. 2.5 Zymogram exhibiting variation at M D H  in pleopod extracts from P. 
monodon: genotype M D H -T 100/100  is at lanes 1-32, genotype M D H -2 '108/100  
is a t lanes 12, genotype M D H -2'100/100  is at lanes 1-11, 13-17, 23-32, genotype 
MDH-2*89/89  is at lanes 18-22 (start from righ t to left).
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MDH-1* had 2 alleles (*775. *100) and MDH-2* 3 alleles ( ‘70S, *700, *89) as 
show n in Fig. 2.5. This was the same as the observations o f Benzie et al. (1992) 
in P. monodon. In contrast, M ulley and Latter (1980) found no variation at either 
locus.

M ALIC ENZYM E(NADP*) (M EP, ME)
A single anodal m onom orphic locus was resolved for MEP* in P. monodon  and 
this is consistent w ith other studies on this species and other penaeid (M ulley and 
Latter, 1980; Lavery and Staples, 1990; Benzie et al., 1992). This loci was 
observed in pleopod and heart in line with other observations in penaeid (M ulley 
and Latter, 1980; Redfield and Salini, 1980).

M A N N O SE-6-PH O SPH A TE ISOM ERASE (MPI)
A single MPI* locus was observed in pleopod, heart and eye. MPI* was 
polym orphic in alm ost all populations studied. MPI* is known to be polym orphic 
in Australian P. monodon  populations (Benzie et al., 1992), and in many other 
species o f penaeid (M ulley and Latter, 1980; Lester, 1983; M attoccia et al., 1987; 
Salini, 1987).

There were five alleles, *115, *110, *100, *93 and 86, observed in this study as 
show n in Fig. 2.6 which is identical with the findings o f Benzie et al. (1992) in 
Australian populations o f this species. MPI* heterozygotes showed a double 
banded pattern confirm ing the monomeric structure o f this enzyme.
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Fig. 2.6 Zymogram exhibiting variation at M PI in pleopod extracts from  P. 
monodon: genotype M P t1 15/93  is at lanes 22, genotype MPI* 110/100  is at lanes 
13, 20, genotype M P t 110/93  is a t lanes 23-24, genotype M P t 100/100  is at lanes 
1-9, 12, 14-19, genotype M P I’100/93  is at lanes 11, 21, genotype M P ilO O /86  is 
at lanes 10.

O CTANO L D EH Y D R O G EN A SE (ODH)
A single monomorphic locus fo r ODH’ was scored in pleopod and abdom inal 
muscle. Similarly, one locus is consistently resolved in other studies on penaeid 
(M ulley and Latter, 1980; Salini and M oore, 1985; Lavery and Staples, 1990). 
In this study, ODH appears to be analogous to ADH this was also the case in the 
previous studies o f Mulley and Latter (1980) and Redfield and Salini (1980) in 
other penaeid sptecies.
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PE PT ID A SE -C  (PEPC)
G lycerol-L-leucine was used as the enzym e substrate in the staining mixture. 
Three presum ed loci, P E P C -l', PEPC-2* and P E P C -3 \ were scored in this 
enzyme. All products were detected in hepatopancrease, whereas P E P C -l' was 
only active in pleopod muscle. All three loci were m onom orphic confirm ing the 
reports in o th e r penaeid studies (M ulley and Latter, 1980). How ever, P E P C -J' 
looked to b e  polym orphic but the resolution w as inadequate under the 
electrophoresis condition used. PEP-1' was shown to be polym orphic in the 
study of B enzie  et al. (1992) in P. monodon  by using cellulose acetate gels.

PH O SPH O G L U C O N A T E  DEH YDRO G ENASE (PG DH , PG D )
A single m onom orphic locus was resolved for PG D H '. The products were 
observed in pleopod, abdominal m uscle and hepatopancreas. The observation o f 
a single locus agreed with the studies in other penaeid (Mulley and Latter, 1980; 
Lester, 1983; Lavery and Staples, 1990; Benzie et al., 1992). Benzie et al. 
(1992) observed  marginal levels o f polymorphism at variant alleles, P G D H '106, 
'92, in two A ustralian populations.

PH O SPH O G LU C O M U TA SE (PGM )
Activity reflecting  a single monomeric PG M ' locus was scored. This enzyme 
stained very quick ly  and gave sharp resolution in pleopod, abdom inal muscle and 
heart. P G M ' w as highly polym orphic in this species , a total o f 7 alleles {113 , 
'108, '105, '1 0 0 , '95, '90  and '85) were observed (Table 2.3 A, 2. 3 B, 2.3 C, 
Fig. 2.7). T h ese  results agreed with the studies o f M ulley and L atter (1980) and 
Benzie et al. (1992) in P. monodon.
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Fig. 2.7 Zymogram exhibiting variation at PGM  in pleopod extracts from  P. 
monodon: genotype PGM*108/100  is at lanes 7, 18, 22, 25, genotype 
P G M '105/100 is at lanes 10, 17, 19, genotype P G M '100/100 is at lanes 4, 6, 13, 
21, 23. 27-33, genotype P G M '100/95 is a t lanes 1, 5, 20, genotype PG M “ 100/90  
is at lanes 2, 3, 9, 11, 12, 14-16, 26, genotype P G M '100/85  is at lanes 24, 
genotype P G M '100/85  is at lanes 8.

In this study, PGM allozymes always produced double-banded hom ozygotes and 
either three or four-banded heterozygotes. These additional anodal sub-bands 
were observed in o ther studies on P. stylirostris, P. setiferus (Lester and Cook, 
1987), and M. bennettae (Salini, 1987) and arc also com m only found in 
vertebrates (R ichardson et al., 1986; M orizot and Schmidt, 1990).

PYRUVATE K IN A SE (PK)
Two monomorphic loci, P K -l' and P K -2 ', were observed for th is enzym e. Both 
loci appeared in pleopod and abdom inal muscle. Only one m onom orphic locus
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was detected in P. esculentus, P. semisulcatus, M. bennettae, and M. dalli (Salini 
and M oore, 1985; Lavery and Staples, 1990).

1-PY R R O LIN E DEHYDROGENASE (PY D H )
Only a single monom orphic PYDH* locus was observed in pleopod and 
abdominal m uscle in all populations studied. The detection of one PYDH locus 
with no variation in P. monodon  is consistent with the findings o f  M ulley and 
Latter (1980) and Benzie et al. (1992) .

SU PER O X ID E DISM UTASE (SOD)
Two m onom orphic loci, SOD-1* and SOD-2*, were scored in pleopod and 
abdominal m uscle. In contrast to this study, M ulley and Latter (1980) and 
Lavery and Staples (1990) observed only one locus in penaeid. However 
Richardson et al. (1986) and M orizot and Schm idt (1990) suggested that there are 
two loci for th is enzym e a cytoplasmic and a  mitochondrial form  encoded by 
separate gene loci.

XANTHINE DEH YDRO G ENASE (XDH)
Activity reflecting a single m onom orphic X D H ’ locus w as scored in 
hepatopancrease confirm ing the observations in other penaeid praw n species 
(M ulley and Latter, 1980; Redfield and Salini, 1980; M attoccia et al., 1986; 
Sbordini et a l., 1986 and 1987).
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2.3.2 Allele Frequencies

The allele frequencies for the polym orphic loci are presented in three 
Tables. Table 2.3 A is the allele frequencies observed in  each individual sam ple 
obtained for the tem poral stability study o f populations in Thailand. T able 2.3 
B, includes the com bined samples after testing for tem poral stability in Thai 
populations and the other geographically remote sam ple sites. Table 2.3 C  is the 
allele frequencies o f  the pooled sam ples after testing for hom ogeneity. The 
dendrogram s showing variation in allele frequencies o f  ALAT", G P I , ID H P  and 
M PP  are also illustrated in Fig. 2.8, 2.9, 2.10 and 2.11 respectively. A total o f 
10 loci were shown to be polymorphic at the 99% level and 5 at the 95%  level. 
A ll polym orphic loci generally shared the same com m on allele in all populations 
excluding A L A T 6 8  in the Philippines, and and M P P lIO  in the Kenyan
population. The Kenya population was fixed for unique alleles at A A T -T IS O  and 
M D H -2'89.

2.3.3 Hardy-Weinberg Equilibrium

Test for goodness of fit to Hardy-W einberg equilibrium  w ere undertaken 
on genotype frequencies at each polym orphic locus in each sam ple collected. A 
total of 132 analyses including Fisher’s exact test and G-test for small expected 
values were completed. Hardy-W einberg test for goodness-of-fit w ere also 
perform ed on com bined samples after testing for tem poral (see Table 2.3 A) and 
spatial (see Table 2.3 C) hom ogeneity. This w ork and tests resulted in 2 
significant deviation from expectations.
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T e i b l e  2 . 3  A  A l l e l e  f r e q u e n c i e s  a t  t e n  p o l y m o r p h i c  l o c i  i n  f o u r  p o p u l a t i o n s  a n d  
y e a r  o f  c o l l e c t i o n  o f  P. monodon  i n  T h a i l a n d  f o r  t e n ^ o r a l  s t a b i l i t v  s t u d y .

P o p u l a t i o n
T r a t S u r a t P h u k e t S a  t u n

L o c u s 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 1 1 9 9 2 1 9 9 1 1 9 9 3 1 9 9 2 1 9 9 3
AAT~r
a 150 - - - — - - - - —
b 100 1 . 0 0 0 . 9 9 5 1 . 0 0 0 . 9 9 4 . 9 9 5 . 9 9 1 . 9 9 0 . 9 9 0 . 9 9 0
c 89 - . 0 0 5 - . 0 0 6 . 0 0 5 . 0 0 9 . 0 1 0 . 0 1 0 . 0 1 0

AAT-2’
a 115 . 0 0 9 . 0 0 5 - . 0 0 6 . 0 0 5 . 0 0 9 . 0 1 0 . 0 1 0 . 0 1 0
b 100 . 9 9 1 . 9 9 5 1 . 0 0 0 . 9 9 4 . 9 9 5 . 9 9 1 . 9 9 0 . 9 9 0 . 9 9 0
c 78 - - - - “ “ “ -

ALAI'
a 100 . 6 0 5 . 4 8 4 . 5 4 4 . 6 5 6 . 6 1 5 . 6 1 2 . 6 4 3 . 6 4 0 . 5 4 0
b 68 . 3 8 6 . 5 0 5 . 4 4 4 . 3 3 9 . 3 4 5 . 3 5 3 . 3 3 7 . 3 2 0 . 4 3 0
c 52 . 0 0 9 . 0 1 1 . O i l . 0 0 6 . 0 4 0 . 0 3 4 . 0 2 0 . 0 4 0 . 0 3 0

ESD’
a 105 . 0 0 9 - - - . 0 0 5 - - - -
b 100 . 9 6 4 . 9 8 4 . 9 6 7 . 9 5 6 . 9 8 0 . 9 5 7 . 9 8 0 . 9 7 0 . 9 8 0
c 89 . 0 2 3 . 0 0 5 - . 0 1 1 . 0 1 0 . 0 3 4 . 0 1 5 . 0 2 5 . 0 1 0
d 75 . 0 0 5 . O i l . 0 3 3 . 0 3 3 . 0 0 5 . 0 0 9 . 0 0 5 . 0 0 5 . 0 1 0

GPT
a 133 - - - — - — - — —
b 125 . 0 0 9 _ . 0 1 1 - . 0 0 5 . 0 1 7 . 0 1 0 . 0 1 0 . 0 1 0
c  100 . 9 0 5 . 8 9 8 . 8 5 6 . 9 1 7 . 9 2 5 . 8 6 2 . 8 3 2 . 8 8 0 . 8 6 0
d 78 . 0 8 2 . 0 9 7 . 1 3 3 . 0 6 1 . 0 6 5 . 1 2 1 . 1 4 3 . 1 1 0 . 1 3 0
e 60 . 0 0 5 . 0 0 5 - . 0 2 2 . 0 0 5 - . 0 1 5

IDHP'
a 100 . 6 8 2 . 7 3 1 . 7 5 6 . 7 3 3 . 8 0 5 . 6 5 5 . 6 9 4 . 6 8 5 . 7 1 0
b 90 . 3 1 8 . 2 6 9 . 2 4 4 . 2 6 7 . 1 9 5 . 3 4 5 . 3 0 6 . 3 1 5 . 2 8 0
c  80 - - - - - - - - . 0 1 0

MDH-r
a 115 . 0 0 5 - . O i l - - - - - . 0 1 0
b 100 . 9 9 5 1 . 0 0 0 . 9 8 9 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 . 9 9 0

MDH-2’
a 108 - - - - - - - . 0 0 5 . 0 1 0
b 100 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 . 9 9 5 . 9 9 0
c 89 - - - - **

MPI’
a 115 - - - - - - - - -
b 110 . 0 1 8 . 0 0 5 - . 0 0 6 - . 0 2 6 . 0 3 6 . 0 1 5 . 0 1 0
c  100 . 9 6 8 . 9 9 5 1 . 0 0 0 . 9 8 3 . 9 9 0 . 9 6 6 . 9 5 4 . 9 7 5 . 9 9 0
d 93 . 0 1 4 - - . O i l . 0 1 0 . 0 0 9 . 0 0 5 . 0 1 0 -
e  86 - - - - - - . 0 0 5 - -

PCM"
a 113 - . 0 0 5 - - - - - - —
b 108 . 0 0 9 . 0 0 5 - - . 0 0 5 . 0 0 9 . 0 1 0 . 0 0 5 . 0 1 0
c  105 . 0 1 8 . 0 2 2 - - . 0 1 5 . 0 0 9 . 0 3 1 . 0 3 0 . 0 0 0
d 100 . 9 3 2 . 9 5 7 . 9 8 9 . 9 6 7 . 9 2 5 . 9 4 0 . 9 2 9 . 9 5 5 . 9 5 0
e  95 - - . o i l - . 0 1 0 - - - . 0 2 0
f 90 . 0 3 6 . 0 1 1 - . 0 2 8 . 0 4 5 . 0 3 4 . 0 3 1 . 0 1 0 . 0 2 0
g 85 . 0 0 5 - - . 0 0 6 - . 0 0 9 - - -
(n) 1 1 0 9 3 4 5 9 0 1 0 0 5 8 9 8 1 0 0 5 0
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The results showed that in general the genotype frequencies in all 

populations, both individually and in realistic com binations w ere in Hardy- 
W einberg equilibrium . This suggests that these populations or groupings fulfil 
the basic assum ption which underlay the Hardy-W einberg Law: large randomly 
m ating population with little or no m igration etc.

2.3.4 Genetic Variability

The num ber of rare alleles, mean num ber o f  alleles per locus, percentage 
of loci polym orphic and mean heterozygosity over all 46 loci are listed in Table 
2.4 for all populations. The data showed very little difference betw een the eleven 
populations surveyed apart from the North Java and Kenyan populations, where 
m ean num ber o f alleles per locus and the percentage o f loci polym orphic are 
rather low. The num ber o f rare alleles was also high within all o f the Thai 
populations. The proportion of loci polym orphic was generally low with an 
average o f  15.8% and 7.5% at the frequency of com m on allele <0.99 and <0.95 
respectively, but at its lowest in the North Java (6.5%  and 6.5% ) and Kenyan 
populations (6.5%  and 4.3% ). Average heterozygosity over all loci for the eleven 
populations is 0.027 (0.020-0.032), however the Philippines and Kenyan 
populations have the lowest values o f heterozygosity o f 0.020 and 0.021 
respectively.
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2.3.5 Genetic Differentiation

2-3.5.1 Betw een-year com parisons

N o  significant differences in allele or genotype frequency were observed 
betw een year classes in any population at any locus (Appendix 2). The 
probability  levels obtained for allele and genotype frequencies in the G ulf 
population  were for Trat (P = 0 .105) and Surat Thani (P = 0 .139) and in the 
A ndam an Sea were for Phuket (P=0.929) and Satun (P=0.436). The low er 
probability  levels at Trat and Surat possibly suggesting less stability in the G ulf 
populations.

T h e  stability of allele frequencies over time is one of the essential 
assum ptions o f the H ardy-W einberg principle, and is expected in natural 
populations as long as all the underlying assum ptions o f the analysis are meet. 
The m echanism  o f M endelian inheritance therefore will keep the allele 
frequencies constant and preserve genetic variation (H aiti, 1988). In the few 
other stud ies in which tem poral stability was tested in penaeid species other 
w orkers also found no evidence o f fluctuating allele or genotype frequencies, 
Salini (1987) studied M. hennettae  in 1982 and 1983 at M oreton Bay and Lake 
M acquarie, east coast Australia, and M ulley and Latter (1981b) studied P. 
la tisu lcatus  in 1975 and 1976 in the G ulf o f Carpentaria, Exmouth Gulf, and G ulf 
o f St V incent, Tropical Australia.
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2.3.S.2 Population comparisons

A. W ithin-population differentiation
Considering F-statistics (Table 2.5), even though a significant value of F„ 

(F,^ . 0 6 1 ;  x^=8.39, F<0.05) was found at A L A T  in the 6 populations analysis, 
the mean F„ values were not significant (F„=0.028). Allele frequencies of 
polym orphic loci o f all populations studied also showed no significant differences 
from Hardy-W einberg expectations as described earlier, indicating little within- 
population structuring [The data can be carried out at population level].

B. Betw'een-population differentiation
Since genotype frequencies were stable over time in all four Thai 

populations, data from multiple collections at the same site were therefore 
com bined for the macrogeographical analyses. Contingency chi-square and Nass 
chi-square tests between pairs of adjacent populations were analyzed for the 
existence o f discrete stocks. When tw o adjacent localities did not exhibit 
significant differences, suggesting panmixia, the collections were then combined 
and another round of chi-square testing between adjacent populations carried out. 
This process was continued until all geographically sensible tests were performed. 
As was mentioned earlier combined data sets were all retested for goodness-of-fit 
to Hardy-W einberg equilibrium  but no significant differences were observed.

The testing for adjacent pairwise comparisons showed that the Andaman 
Sea sample at Phuket, Satun and Kedah appeared homogeneous at all loci and 
data were therefore pooled. Aceh was shown to be significantly different at
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T a b l e  2 . 5  S u m m a r y  o f  F„  a n d  W r i g h t ' s  F„  a t  a l l  l o c i .

A .  4  p o p u l a t i o n s  ( T r a t ,  S u r a t  & D u n  g u n ,  A n d a m a n  S e a ,  
P o o l e d  J a v a )
L o c u s F ( I S ) F ( I T ) F ( S T ) F - W r i g h t

A A T - 1
A A T - 2
ALAT
BSD
G P I
IDHP
MDH-1
MDH-2
MPI
PGM
M e a n

. 0 0 8 " '  

. 0 0 9 " '  

. 0 0 6 " '  
, 0 2 3 " '  
. 0 6 1 " '  
. 0 3 6 "  
. 0 0 3 "
. 0 0 4 "  
. 0 1 6 "
. 0 4 1 "
. 0 0 6 "

. 0 0 5  

. 0 0 8  

. 0 1 0  

. 0 2 0  

. 0 5 2  

. 0 4 6  

. 0 0 1  

. 0 0 1  

. 0 1 5  

. 0 4 4

. 0 1 3

. 0 0 3 " '
, 0 0 1 "  '

. 0 0 4 ' *

. 0 0 3 '

. 0 0 9 "

.0 1 1 "

. 0 0 2 "

. 0 0 3 ".002"

. 0 0 3 "

. 0 0 7 "

.002
. 0 0 0
. 0 0 1
.001
. 0 0 6
. 0 0 8
. 0 0 0
. 0 0 2
. 0 0 0
. 0 0 0

. 0 0 4

B .  5 S E  A s i a  p o p u l a t i o n s  ( T r a t ,  S u r a t  & D u n g u n ,  
A n d a m a n  S e a ,  P o o l e d  J a v a ,  P h i l i p p i n e s )
L o c u s F ( I S ) F  ( I T ) F ( ST ) F - W r i g h t

A A T - 1
A A T - 2
ALAT
BSD
G P I
IDHP
MDH-1
MDH-2
MPI
PGM
M e a n

. 0 0 8 " *  

. 0 1 5 " *  

. 0 6 1 "  

. 0 3 2 "

. 0 6 1 "

. 0 5 6 " ‘

. 0 0 3 "

. 0 0 6 "

. 0 1 6 ".021"

. 0 3 3 " • . 0 5 0

0 0 3 "  • 
. 0 0 5 ' "
. 0 1 9 ' "  
. 0 0 7 ' "  
. 0 2 7 ' "  
. 0 2 1 " '  
. 0 0 2 "  • 
. 0 0 4 "  • 
. 0 0 3 "  • 
. 0 0 3 '
. 0 1 8 ' "

. 0 0 0  

. 0 01  

. 0 1 5  

. 0 0 3  

. 0 2 4  

. 0 1 8  

.000 

. 0 0 0  

. 000 

. 0 0 0

. 0 1 4

C .  6 a l l  p o o l e d  p o p u l a t i o n s  ( T r a t ,  S u r a t  & D u n g u n ,  
A n d a m a n  S e a ,  P o o l e d  J a v a ,  P h i l i p p i n e s ,  K e n y a )
L o c u s F ( I S ) F ( I T ) F ( S T ) F - W r i g h t

A A T - 1
A A T - 2
ALAT
BSD
G P I
IDHP
MDH-1
MDH-2
MPI
PGM
M e a n

-  . 0 0 8 "  • . 9 6 9 . 9 6 9 " ' . 9 6 9
- . 0 1 5 " * -  . 0 0 8 . 0 0 7 ' " . 0 0 2

. 0 6 1 ' . 2 4 3 . 1 9 4 " ' . 1 9 1
- . 0 3 2 " * -  . 0 2 1 . 0 1 1 ' " . 0 0 7
- . 0 5 8 "  • -  . 0 2 6 . 0 3 1 ' " . 0 2 8

. 0 5 2 "  • . 0 7 8 . 0 2 7 " ' . 0 2 3
- . 0 0 3 "  • -  . O O l . 0 0 3 "  • . 0 0 1
- . 0 0 6 "  • . 9 8 7 . 9 8 7 ' " . 9 8 7
- . 0 1 5 "  • . 3 7 9 . 3 8 8 ' " . 3 8 4

. 0 2 1 "  • . 0 3 2 . O i l ' " . 0 0 7

. 0 2 8 " . 4 0 1 . 3 8 4 ' " . 3 8 2
N OT E : n . s . = n o n  s i g n i f i c a n t  d i f f e r e n c e  

= P < 0 . 0 5  
= P  < 0 . 0 1  
= P  < 0 . 0 0 1
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ID H P ’ (x^i 97=7.18, P=0.030) from the pooled sample but this becam e non­
significant after correction (the sequential Bonferroni test), as was the test for 
com bined loci data (x^22= 3 3 .0 , P=0.062). The Aceh population was therefore 
added to the Andam an Sea pool. Sim ilarly in the Indonesian populations. North 
and South Java populations, showed significant difference at G PI' „=10.63), 
P = 0 .0 2 1 ), but w ere not significantly different after correction and for total 
polym orphic loci (x^4=16.70, P=0.273). These result implied genetic 
hom ogeneity both within the Andaman sea and within the North and South Java 
samples.

The G ulf o f Thailand and the East Malaysian peninsula samples were 
com pared and no significant differences were observed between Surat and 
Dungun for the total polym orphic loci (x^ 18=23.50, P=0.170) but ID H P  was 
significant (x ^o 2= 6 -6 6 , P=0.040) for the individual locus comparisons. However 
this disappeared after correction and so they were combined. Trat however 
rem ained significantly different from the east coast samples for the ten loci 
com parison and at A L A T  (x^ 46=21-45, P<0.001) suggesting reproductive 
isolation across the G ulf o f Thailand.

The com bining o f the populations eventually resulted in 6  population 
groupings, namely: the Andaman sea, Trat, Surat and Dungun, North and South 
Java, Philippines and Kenya. The simultaneous contingency chi-square test of 
allele frequencies for the six localities over all polymorphic loci exhibited highly 
significant differences (x^4o=6079.49, P<0.0000) as shown in Appendix 2 [with 
seven loci show ing significant differences: AAT-1 (P=0.0000), AAT-2
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(P=0.0002), A L A T  (P=0.0000), G P r  (P=0.0000), ID H P' (P=0.0000), MDH-2* 
(P=0.0000) and M P P  (P=0.0000)]. Mean ( P ^ . 3 8 4 ;  x'365=63019.59, 
P<0.0001) and W right’s P ^ ( P ^ . 3 8 2 ;  xS65=62855.04, P<0.0001) also revealed 
highly significant interpwpulation differentiation as shown in Table 2.5. 
values above 0.25 (W right, 1978) indicate very great genetic differentiation 
confirm ing clear reproductive isolation within the sampled geographic range.

W hen calculating only within SE Asian countries excluding K enya for five 
pooled populations, the test also showed significant differences (x^ioo=211-47, 
P<0.0000), but only four truly polymorphic loci exhibited significant differences: 
AA7'-2* (P=0.0002), A L A T  (P=0.0002), GPV  (P=0.0000), 7D//P* (P=0.0000). 
Mean F ^  (P ,^ 0 .0 1 8 ; x^2?6=2573.42, P<0.0001) and W right’s F „  (F ^ O .0 1 4 ; 
X^76=2001.55, P<0.0001) also revealed significant differences, indicating 
reproductive isolation within SE Asia. W hen the Philippine population was 
excluded, the result also exhibited significant difference (xS 2= 120.36, P<0.001), 
but only at two loci: GPV  (P=0.0000), IDHP  (P=0.0000). Mean (^^^^^^0.007; 
X^207=935.09, P<0.0001) and W right’s F ^  (F ,^0 .0 0 4 ; x^07=534.34, P<0.0001) 
also dem onstrated significant differences but a low level of genetic differentiation 
within the more western sites countries (Thailand, M alaysia and Indonesia).

Pairwise com parisons at each locus between each pooled population (Table
2.6 and A ppendix 2) gave essentially the same results as the sim ultaneous test. 
Kenya was significantly different from other populations because of fixed  variant 
alleles at A A T-TISO , A L A T 6 8  and MDH-2*89, higher allele frequencies at 
M P I'l 10 and ID H P '100 and because it was fixed for the P G M '100 a llele. The
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Philippines was significantly different from other populations by having the 
variant allele AAT-2*78, and higher frequencies of the A L A T ’68  and IDHP'lOO  
allele. The Philippines population was significantly different from other 
populations at a num ber o f jxilymorphic loci in pairwise com parisons: Trat at 
G P r  (x%.3,=17.58, P=0.0020) and /D H P ’ (x\o3=13.70, P=0.0015), the pooled 
Surat and Dungun at A L A T  (xV2i=22.68, P=0.0000) and G P t  (X^2.3o=l l-®^» 
P=0.0070), the pooled North and South Java at G PT  (x\ 3 o= 18-70, P=0.0015), 
and the pooled Andam an Sea at A A T-2' (x^, 5^=9.33, P=0.0050), A L A T  
(X^ 84=23.59, P=0.0000), GPC  (x\ 25=17.01, P=0.0030) and ID H P ' (X^ 23=13-99. 
P=0.0015). These significant differences of individual loci suggest that the 
Philippine population is much more isolated from the Andaman Sea populations 
than those from  Trat, Surat Thani, East M alaysia and Indonesia.

W ithin the more western sites populations, the com parisons were 
heterogeneous because of differences in gene frequencies. Trat w as significantly 
different from the pooled Andaman sea population at all polym orphic loci 
(X^24=36.90, P=0.044) and at A L A T  (X%26=15-98, P=0.0040), and the pooled 
Surat and Dungun at all polym orphic loci (x \o = 3 6 .13, P=0.0148) and at A L A T  
(X%46=21-21, P=0.0005). The pooled Andaman sea population was also 
significantly different from pooled Surat and Dungun at all polym orphic loci 
(X^2,=66.90, P<0.00()1), and at G P f  (x ^  ,2=31.83, P<0.0001) and LDHP' 
(X% 22=27.95, P<0.0000). However, the pooled North and South Java was not 
significantly different from  any of these populations although at present there is 
no obvious reason to com bine them with one or other of these populations 
because o f the degree o f geographic isolation.
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2.3.6 Genetic Distance & UPGMA Clustering Dendrogram

N ei’s (Nei 1972, 1978) and Rogers’ (Rogers, 1972) genetic distances 
between the six pooled populations are shown in  Table 2.7. All estim ated values 
were high between Kenya and all other f)opulations, rather low betw een the 
Philippines and the other SE Asia countries and very low between the rem aining 
populations. This relationship was visualized using UPGM A cluster analysis. 
Both genetic distance dendrograms (Fig 2.12 A. and B.) showed that the Kenyan 
and Philippine populations, which are geographically rem ote, are clearly distinct 
from the SE  Asia population. The various genetic distance measure resulted in 
very sim ilar dendrograms. The only unexpected finding was the clustering of 
Trat with the Andaman Sea samples rather than  the East M alaysia and Java 
samples.

2.4 DISCUSSION

The present allozyme study on P. m onodon  demonstrates geographic sub­
structuring o f the breeding populations over the large zoogeographical range of 
this species, both between the East African coast (Kenya) and SE Asia, and 
within the SE Asia region. This contrasts with previous earlier observations that 
P. monodon  is genetically homogeneous over large parts o f its range (Ko et a i ,  
1983) and between close geographic populations in Australia (M ulley and Latter, 
1980).
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The findings of th is  study are more sim ilar to those o f Benzie et al. (1992) 

on Australian P. m onodon  populations, w hich showed significant heterogeneity 
between the populations which were separated by lOO’s.rather than lOOO’s o f 
kilometres. They also believed that much o f  the heterogeneity they saw today is 
a relic o f an earlier separation o f the populations during the last glacial epoch 
when sea levels were m uch lower than today (Fig. 2.13). The differences 
remaining after a rise in sea level even after several thousand years o f potential 
gene flow.

Fig. 2.13 Maximum ex ten t of shorelines in  the Indo-W est Pacific during the 
Quaternary Ice Ace, with sea levels 135 m below  present levels (after Dali et a l , 1990)
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T he studies o f penaeids have reported either no observable differences 

(Proctor et a l ,  1974; M arvin and Caillouet, 1976; Lester, 1979) o r significant 
geographical variation am ong isolated populations o f a num ber o f species (M ulley 
and Latter, 1981a and 1981b; Richardson, 1982; M attoccia et al., 1987; Salini, 
1987). T he level o f biochem ical genetic differentiation o f penaeids appears to be 
correlated w ith life history traits particularly larval dispersal. Species with 
lim ited gene flow, such as M. hennettae  w hich is restricted entirely within 
estuaries and tidal lakes exhibited significant differences in gene frequencies 
between east-coast o f A ustralia populations (M ulley and Latter, 1981a; Salini, 
1987). O ther species, such as M. m acleayi in which the adults generally spawn 
in the sea but the postlarvae return to estuaries or estuarine-like environm ents 
have sim ilar patterns of genetic differentiation (M ulley and Latter, 1981a). These 
offshore spawning species how ever have som e degree o f m ixing as larvae do not 
necessarily return to the nursery grounds of their parents. In contrast, P. plebejus  
undertakes extensive breeding m igration into deepsea water, and w hose larvae 
develop in inshore w aters with relatively high salinity showed no genetic 
differentiation in A ustralian populations (M ulley and Latter, 1981a). These three 
penaeid groups fall into the life cycle classifications Type 1, 2 and 3, respectively 
of Dali et al. (1990). However, Dali et al. (1990) stressed that there is overlap 
between them. The species P. latisulcatus and M. endeavori which are classified 
Type 3 were found to show significant differences am ong widely separated 
populations (M ulley and Latter, 1981b). R ichardson (1982) also identified 
genetic differences in P. latisulcatus within the G ulf o f St V incent, confirm ing 
that subpopulation o f this species exist. P. latisulcatus and P. endeavori although 
spaw ning offshore over wide sea areas can have a discontinuous dispersal
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because their postlarvae only inhabit inshore substrates such as sandy muds, sands 
and coralline rubble (Grey et al„  1983). In contrast, th e  relation betw een genetic 
differentiation o f populations and life history type m ay  be am biguous (M ulley 
and Latter, 1981a). Species with a Type 2 life history which m ight be expected 
to show some differentiation such as P. merguiensis and M. ensis  but did not 
(M ulley and Latter, 1980), this may be because o f  the small sam ples sizes, 
lim ited geographic range and relatively small num ber o f polym orphic loci used 
by these workers. Am ong six M editerranean populations of P. kerathurus  w hich 
has a Type 2 life history (M attoccia et a i ,  1987) reproductively isolated 
population could be delineated within hundreds of kilom etres.

The level o f population sub-structuring is dependent on life cycle 
characteristics and is more prominent in species w ith  limited larval dispersal. 
H ow ever it is clear that even in species with long-lived planktonic larval stage, 
genetic differentiation can occur. The geographical range  o f the population being 
dependent on hydrological characteristics o f the a rea  or behavioral or substrate 
preferences shown by the animal. How can the substructuring observed in this 
study o f P. monodon  be explained. P. monodon is a T ype 2 species in which the 
m ature adults m igrate offshore to spawn, the larvae are planktonic for 20 days, 
the post larvae will then migrate towards the shore an d  will en ter shallow w ater 
or m angroves (M otoh, 1986). The main source of d ispersal in this species is the 
larval stage drift w ith the prevailing current and possible m ovem ents o f  the 
juveniles and adults with the current. Therefore d ifferen t direction o f prevailing 
current associated w ith greater dispersal against current possibly reducing 
dispersal result in population sub-structuring.
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In general, the character o f the genetic variation observed in P. monodon  

populations during this study corresponds to that recorded for several other 
penaeid  species. Nearly all populations have the same com m on allele and a 
n um ber o f less com m on or rare variants. Tests o f genotype frequencies, both 
tem poral and spatial predictions, agreed with Hardy-W einberg equilibrium  
indicating  that m ating am ong conspecific adult P. monodon  in these natural 
populations is random  and that progeny groups are sufficiently well m ixed. The 
m ean  heterozygosity (H) in P. monodon  over all 46 loci in this study is 0.027 
(0.020-0.032). This result is sim ilar to that reported by H edgecock (1986) of 
0 .0 3 8  (0.022-0.058) over 29 loci for 14 Penaeus spp. but higher than that 
reported  for 7 Indo-Pacific species o f Penaeus w ith an average o f 0.018 (0.006- 
0 .033) at 40 loci surveyed by M ulley & Latter (1980). Com paring these results 
to o thers on P. monodon, H is lower than Australian P. monodon  population, 
B enzie  et al. (1992) reported m ean heterozygosity values o f H = 0.05, based on 
8 polym orphic loci, but higher than those found on a w ide range o f other 
populations, Ko et al. (1983) reported values ranging from 0-0.023 with an 
average of 0.013 over 29 loci and M ulley & Latter (1980) reported H = 0.008 
o v e r 40 loci. Hedgecock (1986) m entioned that any heterozygosity value is 
heav ily  dependent upon the loci studied and sam ple size. Benzie et al. (1992) 
h av e  calculated heterozygosity from only 8 polym orphic loci, Ko et al. (1983) 
and  Mulley and Latter (1980) used sam ple size o f 5-32 and 12 individuals 
respectively . T his study used large sam ple sizes, large num ber o f loci, 
geographically  isolated populations and hopefully gives a good overall estim ate 
o f  overall genetic variation in this species. The levels observed are conservative 
as several loci w hich are potentially variable have been om itted until better
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resolution can be obtained. Nevertheless, penaeid prawns protein heterozygosity 
are am ong the low est recorded am ong any animals (M ulley and Latter, 1980; 
Redfield et al., 1980; Ko et al., 1984; Salini and M oore, 1985; Tam and Chu, 
1993).

W ithin the 10 populations studied, the Kenya and the Philippines 
populations have low er levels o f genetic variability, both populations have 
heterozygosities o f about H = 0.02. These populations are on the edge of the 
species range and are possibly suffering from reduced gene flow and founder 
effect. Ferguson (1980) com m ented that the founder effect is a special type of 
genetic drift where a small num ber o f founder individuals of a new population 
represent only a lim ited part o f the parental population. Such populations can 
som etim es only receive a non representative proportion o f the species variation 
and can often be fixed for alleles that are rare in other parts o f the species range. 
T he low er genetic variability in such populations will take a long time to recover 
tow ards the species average, at least one million years (Nei, 1976). A significant 
reduction in heterozygosity due to bottleneck effects is well documented in 
hatchery stocks, Sbordoni et al. (1986) found 60%  reduction o f average 
heterozygosity in artificial populations of P. japonicus with small numbers of 
breeding animals.

M ulley and Latter (1980) suggested selective elim ination of mutational 
variation at the m ajority o f loci as the most possible explanation for the low 
levels o f  heterozygosity they observed in penaeids. Dali et. al., (1990) stated that 
M ulley and Latter (1980) hypothesis it is extremely unlike to occur in a species
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with high fecundity and a geographic distribution throughout the Indo-W est 
Pacific Region. It being more likely that non-lethal mutations would rapidly 
accum ulate throughout the species range (Dali et a l., 1990). T he m ost likely 
reason for the low average heterozygosity  is the lim ited gene flow  within these 
populations that restricts the interchange o f  individuals between populations. In 
this study both peripheral populations not only show ed reduce H, the Philippines 
population showed an alternate rare allele {AAT-2*78) and K enyan population 
showed alternate fixed alleles (A A T -T IS O , MDH-2*89). G laciation had a m ajor 
effect in subdividing Penaeid populations and subsequent rises in sea level around 
15000 years ago resulted in the repopulation of som e areas and possible ’founder 
effects’ in many o f these new populations. A lthough mixing and recom bination 
occurred in some areas, some iso lated  stocks still rem ain at the periphery o f the 
species range. As these events occurred  relatively recently, levels o f H  have not 
been able to recover. Present day  hydrographic features have enabled som e 
populations to rise, as in the S ou th  China Sea, but there is a lim ited gene flow 
from the Andam an Sea to the S ou th  China Sea and to the Philippines. The centre 
of distribution is in fact the cen tre  of m ixing as P. monodon  m oved in from  the 
Java Sea to both the Andaman S ea  and the South China Sea. Phenom ena like 
higher levels o f heterozygocity an d  possession o f rarer alleles are more apparent 
at the centre o f mixing than in peripheral areas.

The Kenyan, east A frican population has a low er mean num ber o f alleles 
per locus and mean heterozygosity than the other populations studied. It has 
different com m on alleles at A LA J*68  and M PI 110, and loci also fixed for 
alternate alleles at A A T -1 '150 , and MDH-2*89 indicating this peripheral
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population was w ell isolated geographically and reproductively from the other 
populations studied as revealed by all statistical analysis and shown by the 
distance UPGM A dendrogram . There is no well-defined geographic barrier 
betw een the East African coast and Indo-M alaysian sub-region. Today the 
Kenyan and SE A sia groups o f prawns are separated by m ore than 7,000 
kilom etres therefore geographic distance could be the m ain barrier to gene 
exchange today. D ali et a i ,  (1990) stated that in the Bay of Bengal there is a 
prevailing clockw ise circulation and also in the Arabian Sea both with a eastward 
current. These unfavourable current could limit the w estward gene flow 
m ovem ent o f som e species. In addition, the hypersaline inshore waters o f the 
Arabian Sea could also act as a barrier to isolate populations. However, it was 
not possible to co llect sam ples from intervening populations but it w ould be 
interesting to see w hether there was a d in e  o f variation or a rapid drop associate 
with the various hydrological features.

The divergence of protein m olecules is tim e-dependent and related to 
evolutionary time know n as m olecular clock hypothesis (Fitch, 1976; W ilson et 
al., 1977; Thorpe, 1982). However, this is only probably true if  large num ber o f 
enzym es are used so possible differences in evolutionary rates betw een enzym es 
are evened out. T he evolutionary clock predicts that am ino acid substitution is 
approxim ately constant and therefore the accum ulated num ber o f substitutions is 
approxim ately proportional to tim e elapsed (Thorpe, 1982). Such clocks may be 
calibrated in real tim e o f divergence by com parison to the fossil record. From 
fossil record, P enaese  is the oldest extant genus of the penaeidae which has been 
found in Jurassic shales (Dali et a l ,  1990) and becam e m ore com m on in the
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Cretaceous Period (Glaessner, 1969). However, based on I values betw een 
Penaeus and M etapenaeus, Dali et a/.(1990) and Tam  and C h u  (1993) estim ated 
the time o f divergence, t =  3.9-4.7 x 10* years, which is consisten t with evidence 
from palaeogeography that the tw o genera diverged in the la te  Pliocene Epoch 
(Tertiary Period). W ithin the penaeid, high 1 values betw een  closely related 
species, such as P. merguiensis, P. penicillatus, P. monodon  a n d  P. sem isulcatus 
(M ulley and Latter, 1980; Salini and M oore, 1987; Dali et a l.,  1990; T am  and 
Chu, 1993) suggested an estim ated time of divergence, t = less than 2.0 x 10* 
years, suggesting that m any Penaeus species could have a risen  during the last 
glacial epoch. Using N ei’s (1975) estimated rate o f gene substitu tion  per year, 
a  = 10 ’, the average genetic distance (D) between Kenyan an d  Asia populations 
= 0.06 for this study. W e therefore calculated from the assum ption that t = D /2 a  
(Nei, 1975; Dali et al., 1990), the separation between these populations would 
have occured about 0.3 m illion years late in the last glacial epoch. Philippines 
exhibited genetic distance with the Andaman Sea and the o th e r  South C hina Sea 
populations D  = 0.02 and 0.01 respectively. Therefore the Philippines m ay divert 
from the A ndam an Sea and the other South China Sea at around 0.1 and 0.05 
million years ago also in the last glacial epoch.

Dali et al. (1990) stressed the most im portant effect o n  gene flow in the 
past was the creation o f land barriers as sea level dropped dram atically  altered 
penaeid distribution. There was a separation of the Indian O cean  and the Indo- 
pacific areas in the Quaternary Glacial Period by the M alaysian land m ass and 
deep w ater south o f Sum atra (see Fig. 2.13) The land barrier between M alaysia, 
Sumatra, Borneo and Java therefore effectively cut o ff the penaeid  populations
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to the east from  those in the Indian Ocean. As a m atter o f fact w e have to 
postulate tha t there was either low species diversity pre-glacially in the western 
region, or a m ajor reduction in diversity during the glacial p>eriod. This can be 
seen by the sp>ecies diversity in the two areas, there are 25 endem ic species in the 
Indo-M alaysian sub-region, 3 in the Arabian Sea and only 1 in East African. 
M oreover, th ere  is a constant decrease in species abundance from  M alaysia 
through the B ay  o f Bengal to South Africa. As the land barrier disappeared with 
rising sea levels, m igration o f species to the west began, giving the species 
gradient seen  today (Dali et al., 1990). P. monodon it is essentially a solitary 
species w h ich  burrows during the day and only feeds at night so fishing pressure 
is lower com pared to shoalling or aggregating species such as P. m erguiensis 
reduced. It can  survive a w ide range o f tem perature and salinity levels (Apud et 
al., 1983). Coupled with larval dispersal behavior therefore P. m onodon  is 
widely d istibu ted  throughout the Indo-W est Pacific region.

W ith in  SE Asia groups, there was a separation o f the Philippines 
population fro m  the others as shown by genetic distance and U PG M A  Clustering 
Dendrogram . The A A T -2 '78  allele is present at 0.15 but is not observed in any 
other populations. The Philippines populations also has a different com m on 
alleles at A L A T '6 8  and a low er level o f heterozygosity than the other populations. 
The 2 ,000-3,000 kilom etres distance between the Philippines and the other 
ASEAN countries, suggests that the isolation-by-distance m odel is one 
explanation fo r the differentiation between these two groups. R ichardson et al. 
(1986) stated  that the isolation-by-distance model will have an independent effect 
at each locus, as there is no underlying subpopulation structure lim ited gene flow
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at particular geographical locations. So different loci showed significant 
differences in  pairw ise com parisons between the Philippines and the others 
populations (see Table 2.6). O nce again island barriers have limited gene flow 
and the distribution o f m arine penaeid between M alaysia, Sum atra, Borneo, Java 
and the South China Sea. Dali et al. (1990) showed that there was a separation 
o f these tw o areas in the Q uaternary Glacial Period by the land mass o f M alaysia 
and the Philippines (see Fig. 2.13). Benzie et al. (1992) also detected highly 
significant differences in gene frequencies o f P. m onodon  between adjacent 
population. He com m ented that at maximal lowering of sea level 14,000-17,000 
years ago, A ustralia and New G uinea were connected by dry land from  Cape 
York to M elville Island. Therefore populations on the western coast were 
probably isolated from  those on the eastern coast for several thousand years and 
evidence o f  this restricted gene flow between these populations is still present 
today. It is possible that Philippine populations may have m ore in com m on with 
Australian populations than with other ASEAN populations because o f these sea 
level changes and the prevailing oceanic currents o f that period.

T he pairw ise com parisons resulted in apparently hom ogeneous populations 
being com bined into 3 larger but genetically distinct groups (the Andaman Sea, 
Surat & D ungun, and Java populations), despite some o f the populations which 
were grouped together being separated by many lOO’s o f Km . These three areas 
are subject to strong w ind driven and strong surface current throughout the year 
particularly during the m onsoons which cover the main spaw ning periods. This 
com bined w ith the spaw ning m igrations by the adults to w ater dept o f 160 m in 
the Philippines (M otoh, 1986), 26-50 m in the G ulf o f Thailand (Prom sakha and
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Lohsaw adkun, 1988), and 35-40 m in A ndam an Sea (K ungvankij et al., 1973a), 
m any m iles offshore would encourage substantial larval dispersal in these areas.

It is possible that the Indonesian, M alaysian and Thai populations of P. 
monodon  probably originated from the Ja v a  populations refugia after the last 
glacial epoch. It can be seen that there w as  no significant difference, both at 
individual loci and over all polym orphic loci, between Java populations com pared 
to Trat, Pooled Surat & Dungun and A ndam an Sea populations (see Table 2.6). 
Considering the m ap o f the Quaternary Ice  A ge and assum ing earlier that there 
was either a low species diversity in the w estern  region or a reduction in diversity 
during the Ice Age, as sea levels rose, P. m onodon  migrated to the Indian Ocean 
and South China Sea. In this case the statistical differences arose from founder 
effects and subsequent reduction in gene  flow between these areas. The 
reproductive isolation of populations in th e  Andaman Sea and South C hina Sea 
was confirm ed by significant differences o f pairwise com parisons betw een 
Andam an Sea populations against Trat and pooled Surat Thani and Dungun. An 
alternative explanation, is that we m ust hypothesize that P. m onodon  was present 
in all areas, or nearby all areas, where the  sea remained each having their own 
allele frequencies depending on population structure present. As sea levels rose 
so populations recom bined, mixed, and repopulated. Som e populations have 
possibly been isolated longer and have not m ixed with other populations and may 
be genetically very distinct, eg. K enya, Philippines. T he Andam an Sea 
population rem aining relatively isolated from  the South C hina Sea by the 
restricted and continuous NW  current flow  in the straits o f M alacca.
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W ithin the region o f the East M alaysian Peninsula, T rat was significantly 

different from  pooled Surat Thani & D ungun. Thai 3-year catch statistics 
(Promsakha, 1980; Thubthim sang, 1978-1980) and data from  m ajor fishing gear 
statistics (V iphasiri, 1984) showed that the breeding grounds o f P. m onodon  were 
found at depths o f  26-50 m etres and where w ater salinity was higher than 31 ppt. 
A dult P. m onodon  were most abundant in tw o areas, one is betw een Ranong and 
Trat, the other is between C hum pom  and Surat Thani (Fig. 2.14), therefore there 
are likely to be tw o sub populations of the species in the G ulf o f Thailand. The 
P. monodon  in the G ulf o f Thailand bred throughout the year (Prom sakha, 1980; 
Prom sakha and Lohsawadkun, 1988), with the higher percentages o f ripe females 
being bimodal during M ay to Decem ber and January to April (Fig. 2.15). 
Promsakha and Lohsaw adkun (1988) also concluded that T he G ulf o f Thailand 
is just a small body o f water oceanographically speaking. W ith the com plicated 
and uncertain patterns o f surface current circulation (Fig. 2.16), all m arine 
penaeid were believed to be a single population. They also concluded that their 
relative abundance in some area as revealed by earlier investigations and perhaps 
can be attributed to the inshore feature which influence the survival o f juveniles 
such as suitable nursing grounds and the prevailing oceanic current. M oreover, 
surface winds and surface current (Dale, 1956; Open U niversity, 1989) 
dem onstrated high m ovem ent within South C hina Sea through the Java in either 
direction suggesting the m ixture of dispersal P. monodon  larvae betw een these 
area. As the Java populations showed no genetic significant different with Trat 
and pooled Surat and Dungun therefore these five populations, i.e. Trat, Surat, 
Dungun, North and South Java, trend to be sam e population.
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Fig. 2.14 Distribution area o f P. m onodon  surveyed by research vessel, in  1977- 
1979 (after Prom sakha, 1980).
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A nother m ajor factor which might effect levels o f genetic differentiation 
in the G ulf is the program m e o f release o f P. m onodon  larvae to enhance the 
natural stocks as w ell as the continuing chronic an d  sometimes acute escapes 
from  farms. The m ajority o f these P.monodon com ing from A ndam an Sea 
sources therefore it m ay have an effect on the G ulf o f  Thailand populations.

In conclusion, population structures o f P. m onodon  in the present study 
appear to be 4 populations, namely, Kenyan population, the Philippines 
population, Andam an Sea population and East M alaysian population.



C H A P T E R  3

ANALYSIS OF GENETIC 
VARIATION USING MtDNA RFLPs

IN P. MONODON

3.1 INTRODUCTION

Over the past decade it has been recognized that fisheries m anagem ent o f 
aquatic  organism  populations requires inform ation on stock structure so that 
genetically  divergent populations can be preserved. In the early 1970s allozym e 
analysis becam e the basic tool for the quantitative assessm ent o f fish population 
structure and the application o f this inform ation to the problem s o f stock 
identification (A llendorf et a i ,  1987). Both natural populations (Lester, 1979; 
M attoccia et al., 1987) and hatchery stocks (A llendorf & Phelps, 1980; Rym an 
& Stähl, 1980) were analyzed using allozym e data, how ever the value o f such 
analyses has been constrained because o f the low num ber ofm arker polym orphic 
loc i. Recently, the developm ent of m olecular genetic techniques has greatly 
increased our ability to detect genetic m arkers by exam ining variation at the DNA 
level. O f these techniques, the exam ination o f m tD N A  variation as a tool for 
population genetics and fisheries m anagem ent has been widely accepted (Avise, 
1985; Ferris & Berg, 1987; Billington & Hebert, 1991; Ovendon, 1991). The 
intraspiecific mtDNA variation o f m arine species has now been w idely studied
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both in invertebrates (Kom m  et a l ,  1982; M cLean et a l ,  1983; Saunder et a l ,  
1986; Palum bi & W ilson, 1990) and vertebrates (Avise é t a l ,  1987, 1989; W irgin 
et a l ,  1989).

M itochondria, organelles in the cytoplasm  o f eukaryotic cells, contain 
small am ount o f a circular DNA duplex and there are generally about 5-10 
identical copies per organelle. The m itochondrial genom e is com paratively sm all 
(16,000-19,000 nucleotides or 16-19 kilobase pairs); the m am m alian 
m itochondrial DNA (m tDNA) has a m olecular weight o f about 11x10* d, 10 ‘̂ 
times less than that the size o f the nuclear genom e (King and Stansfield, 1985). 
The resolution capability o f m tDNA for population genetics studies appears to be 
enhanced by the rapid rate of base substitution in this type o f DNA. The rate o f  
base substitution estim ated for som e vertebrates appears to be 5-10 times faster 
than that o f single-copy nuclear DNA (Brown, et a l ,  1979). These properties 
make m tD N A  a useful m olecule for studies o f population genetics and evolution. 
Thus, in general, conspecific populations and related species show greater 
differentiation o f m itochondrial than nuclear genes (Saunders et a l ,  1986; W ard, 
et a l ,  1989, Bernatchez and Dodson, 1990; Reeb and Avise, 1990).

From  the allozym e chapter it can be seen that levels o f protein variation 
are low and although they suggest population subdivisions more markers are 
needed to see w hether sm aller scale isolation is present. The main objective o f  
this chapter has been to analyse mtDNA restriction patterns in ten populations o f  
P. monodon. The basic strategy for the mtDNA analysis was to extract total 
nucleic acids, digest the com pound with restriction endonucleases, use Southern
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transfer, radiolabeled probes an d  D N A -D N A  hybridization and identify the 
m tDNA fragm ents with X-ray film . The data was then analysed to determ ine the 
levels o f genetic variability w ith in  and betw een populations.

3.2 MATERIALS & METHODS

3.2.1 Samples

The mtDNA was extracted  from P. monodon  in 10 o f  the sam ple sites 
used in the allozyme analysis (T able 3.1). Tw o sites Trat and Satun were also 
sam pled in different years to assess temporal stability of m tD N A  variation. The 
Kenya sam ple could not be used  because o f difficulties encountered with DNA 
from  this older material.

T ab le  3.1 Sample locations, y ea r and num ber o f individuals of P. monodon  
collected for mitochondrial D N A  analysis

Collection sites Y ear of 
collection

N um ber o f 
sam ples

1 Trat (G ulf o f Thailand) ’92, ’93 8, 8
2 Surat Thani (G ulf o f Thailand) ’92 8
3 Phuket (Andam an Sea, Thailand) ’92 8
4 Satun (Andam an Sea, T hailand) ’92, ’93 7, 8
5 Kedah (W. Pen. M alaysia) ’92 6
6 Dungun (E. Pen. Malaysia) ’92 10
7 Aceh (Sumatra, Indonesia) ’92 8
8 South Java Site (Indonesia) ’93 6
9 North Java Site (Indonesia) ’93 8
10 Lingayen (W est Philippines) ’92 8
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3.2.2 DNA Isolation

There are  three basic m ethods for the isolation o f  mtDNA, i.e., density 
gradient ultracentrifugation using isopycnic caesium chloride gradients (Lansm an 
et al., 1981; Hauswirth et al., 1987), phenol extraction o f partially purified 
m itochondria (Chapm an & Pow ers, 1984; Palva & Palva, 1985; Jones et al., 
1988), and total nucleic acid extractions (Gross-Bellard et al., 1972; A usuble et 
al., 1987; Sam brook et al., 1989). The first two methods obtain highly purified 
m tDNA but require large fresh tissue samples. Because the tissue sam ples o f P. 
monodon  w ere already frozen this study used total nucleic acids for analysis. 
This is because tissue stored fo r long periods at -70°C will have linearized 
m tDNA and dam aged m itochondria which are impossible to  isolate by the form er 
tw o methods. Tegelstrom  (1992) com m ented that m tD N A  preparations heavily 
contam inated w ith  nuclear DNA will inhibit some visualization m ethods.

3.2.2.1 Tissue selection

Total nucleic acids were extracted from liver, eggs, abdom inal m uscle and 
pleopod m uscle o f P. m onodon. The quantity of total D N A  was checked using 
ethidium  brom ide staining.

3.2.2.2 E xtraction method

In this study mtDNA fragm ents in total DNA were visualized by 
hybridization w ith  radiolabelled mtDNA. This D N A -DNA hybridization using
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radiolabelled probes to identify restriction fragments requires m tD N A  sam ples in 
a fairly pure condition for probes as contam inating nuclear D N A  will a lso  label 
and obscure the m tDNA bands (Chapman & Brown, 1991). T h is  study therefore 
used tw o m ethods o f m tD N A  extraction. First, purified m tD N A  was obtained 
from fresh P. monodon  using a phenol extraction procedure. Second, total 
nucleic acids were extracted from frozen samples.

A. M itochondrial DNA extraction
T he purification o f mtDNA for the radiolabelled p robes follow ed the 

phenol extraction o f partially purified mitochondria recom m ended by Chapm an 
& Powers (1984) with slight modifications as shown in A ppendix 3. This rapid 
m ethod relies on size differences between mitochondria and nuclei. T he degree 
o f hom ogenization is critical and tissues should be subjected to only one or two 
passes w ith minimal force through the hom ogenizer (C hapm an & Brow n, 1990). 
Chapm an &  Powers (1984) com m ented that the tissue can be overground by 
additional strokes leading to nuclear DNA contam ination and loss of 
m itochondria. In the present study, 360 mg of pleopod tissue was hom ogenized 
with a glass Teflon hom ogenizer in 1 ml o f 7.5% sucrose-TEK  buffer containing 
50 mM T ris, pH 7.5, ED TA  10 mM, 1.5% KCL and 7.5% sucrose. D ifferential 
centrifugation using an underlayer o f 1.1 M sucro.se-TEK solution  was followed 
by two low-speed ( l,0 0 0 g  for 10 min) and two high-speed centrifugations 
(18,000g for 1 h and 30 m in). The mitochondrial pellet was resuspended in TEK  
solution and lysed by 1% Non-idet. This detergent w ill not lyse nuclear 
m em branes at this concentration (Chapm an & Brown, 1990). Intact nuclei were 
centrifuged, the supernatant was drawn off and was given a pheno l extraction and
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ethanol precipitation. The m tD N A  precipitate was dried under vacuum  and 
resuspended in TE buffer and frozen at -20°C.

B. Total nucleic acid extraction
H ig h  m olecular w eight DNA o f P. m onodon  was extracted by follow ing 

K linbunga (pers com ) w hich was m odification from A usubel et al. (1993), 
Sam brook et al. (1989) and Hillis et al. (1990) (com plete procedure in Appendix 
3). T issues were pow dered in liquid nitrogen with a m ortar and pestle, then 
about 300-400  mg o f ground tissues was hom ogenized w ith  a glass Teflon 
hom ogenizer in 1 ml TEN  buffer (lOOmM Tris, pH 8.0, lOOmM EDTA and 250 
mM N aC L ), and then lysed and deproteinized by adding 1% SD S, and 0.2 mg/ml 
proteinase K, m ixing thoroughly and incubating at 55°C for 2 h. A fterw ards, the 
solution w a s  centrifuged to rem ove debris and w as extracted 3 times with phenol 
and 3 tim es with chloroform :Isoam yl alcohol and centrifuged at 10,000g for 10 
min after each extraction. The clear aqueous phase was adjusted to a salt 
concentration o f 2.0 M by adding 0.5 M NaCL and the D N A  precipitated with 
2 volum es o f ice-cold 99.99%  ethanol. The precipitate w as then dried under 
vacuum an d  resuspended in T E  buffer. C arbohydrate and RNA contam inants 
were d igested  using a -am y lase  buffer and DNase-free RNase A and incubated at 
55°C for 1 h. The solution w as reprocessed and organic solvents and salt were 
removed b y  centrifugation o f the aqueous layer through M illepore U ltrafree-M C 
filters. T h e  precipitate was then dried under vacuum  and resuspended in TE 
buffer an d  stored at 4°C.
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3.1.2.3 DNA concentration determ ination

Before further analysis, it is im portant to determ ine the quantity and 
quality o f D N A . This present study used tw o methods for detection, DNA was 
determ ined by UV absorbance with a spectrophotom eter and m tDNA was 
determ ined by com parison with known D N A  standards.

A. Spectrophotom eter Concentration and purity o f sam ples was checked 
in a spectrophotom eter by taking readings at wavelengths o f 260 and 280 nm and 
using the form ula below.

DNA c o n e . ( \ ig /m l)  = |  )( ( 2 6 0 , 2 8 0 )

W here x  is the volum e o f DNA used.

An optical density (O D ) o f 1 corresponds to approxim ately 50 pg/m l for 
double-stranded DNA, 40 pg/m l for single-stranded DNA (M aniatis et al., 1982; 
Hillis et al., 1990). The ratio between the readings at 260 nm and 280 nm 
(OD 260/O D 280) provides an estim ate for the purity o f the nucleic acid. Pure 
preparations o f  DNA and RNA have O D 2«/C)D28o of 1-8 and 2.0, respectively. 
If there is contam ination w ith protein and/or phenol the ratio will be less than 
1.8. If there is contam ination with RNA the ratio will be more than 2.
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B. Ethidium  brom ide F luorescent Q uantifîcation If  there is not 

sufficient DNA (<250 ng/m l) or the D N A  is heavily contam inated with o ther UV- 
absorbing substances the use o f a spectrophotom eter is not recom m ended. The 
concentration o f m tDNA was therefore rapidly  estim ated using ethidium  brom ide 
staining following agarose gel electrophoresis. The am ount o f fluorescence 
emitted by ethidium  brom ide is proportional to the total m ass o f DNA. The 
quantity o f DNA in sam ples was estim ated by com parison against a "kHindlW 
standard marker. M aniatis et al. (1982) com m ented that as little as 1-5 ng o f 
DNA can be detected by this method.

3.2.3 Digestion of DNA & MtDNA by Restriction Enzymes

T he restriction enzym es used are listed in Table 3.2. F ive hexanucleotide 
restriction enzym e {BamW\, E coR V , H indlW , PvuW, S a d )  w ere chosen for this 
study because they had previously revealed  haplotype variability in a range o f 
penaeid including P. monodon  (B enzie et al., 1993). Total nucleic acid was 
digested according to the supplier’s d irections (Pharm acia L td) using 2-4 units o f 
enzyme per 1 ng DNA (com plete procedure in Appendix 3). D igestions were 
incubated at 37°C for 4-24 h in 50 p i reaction m ixtures containing l-2x 
restriction buffer, 0.1% BSA and 2mM sperm idine. After digestion, the restricted 
DNA w as purified by extraction once with phenol and once with 
chloroform :Isoam yl alcohol, then the D N A  was precipitated with ethanol and 
resuspended in 10 p i TE buffer.
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Table 3.2 L ist o f restriction enzym es used and reaction conditions

Enzyme Recognition
sequence

Rxn.
temp."

Inact.
temp.*

Isoschizom ers Com m ents

B am \\\ G iG A T C C 37 60 Bstl Star activity
EcoRV G A T ÌA T C 31 100
HindlW A iA G C T T 37 90
PvuW C A G iC T G 37 95
S a d G A G C riC 37 60 Sstl

NOTE:
"Reaction temperature (°C) at which the reaction should be perform ed. 
'’Inactivation tem perature (°C) at which the enzym e is inactivated after 15 
min o f  incubation.

Purified m tDNA o f P. m onodon  was also digested using six-base sequence 
recognition endonuclease to identity 1 or 2 fragm ents that m ight be used as a 
mtDNA probe (Appendix 3). In general, probes prepared from  one species m ay 
be useful in others because sequence homology am ong m tD N A  from different 
species allow s heterologous probes to  hybridize. H owever Chapm an & Brown 
(1990) suggested that conspecific probes are m ore efficient than heterologous 
molecules.
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3.2.4 Separation of DNA & mtDNA Fragments

3.2.4.1 A garose gel electrophoresis 

A. DNA fragm ents separation
D N A  fragm ents were separated on 0.8-1%  agarose gels using  the T B E  

buffer system  (M aniatis et al., 1982). Agarose gels are preferred w hen  using six- 
base enzym es because they im prove the accuracy o f fragm ent s ize  estim ation 
over the rang from  300 to 20,000 base pairs (Dowling et al., 1990). U ltra pure  
agarose (G ibco BRL) was m ixed, with TBE buffers and eth id ium  brom ide 
(A ppendix 3). Bacteriophage "k D N A  digested with HiruRW was included  in each  
gel as a m olecular weight standard which had seven bands ranging  in size from  
400 to 21,000 base pairs (M urray & M urray, 1975 as cited by L ansm an et al., 
1981). This m arker was in TE buffer which is sim ilar in ionic strength  to the 
sample buffers. Thus, sam ples w ith  loading dye were run on horizontal agarose 
gels at a voltage o f 5 V/cm at room  temperature.

B. M tDNA fragm ents separation
Purified m tD N A  from  P. monodon  which was digested by restriction 

enzym e was run in a low m elting point agarose gel at 4°C. By v iew ing  on a U V  
transillum inator (302 nm), the mtDNA concentration was calculated by 
com parison with XHindlW  m arker, the fragment from the gel was cu t out w ith  a 
minimum o f excess gel, washed w ith sterile dH20, and stored at -20°C .
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3.1.4.2 E stim ation  o f fragm ent sizes

Fragm ent sizes o f m tD N A  were estim ated from their mobilities relative to 
those o f fragm ents o f know n sizes. A fter electrophoresis, the gel was 
photographed w ith  a ruler next to the size m arker to allow fragm ent sizes to be 
determined from  the final autoradiograph. H ow ever rough m easurem ents can be 
taken directly fro m  the negative o f the gel photograph. By using a local 2 x 3  
point method (Sealey  and Southern, 1990), a plot o f mobility (Af) against 
molecular w eight or size (L) will give a curved line and fragment sizes can be 
calculated using the form ula below:

where:

Mo =

k, =

L  = k/(M -M o)+k2

M rM ,((L ,-L 2 )/(L 2 -Lj) x  (M .-M^ViM^-M,))
\-{{L,-L2)/{L2-L,) X (M,-M2)/(M2-M,))

L,-L2
\/(M ,-M o)-1/(M2-Mo)

k2 =  L rk /(M ,-M o )

NOTE:
L  = m olecular w eight or size o f unknown 
M  = m obility  o f unknow n m olecular w eight
Mf) = em pirical correction factor determ ined by imposing the condition that 
the three lines jo in ing the three points all have the same slope
L , , L 2 , L , =  three m olecular weight standards which most closely  to the 
unknown m olecular w eight o f  mobilities M
M , , M 2 , = m obilities o f L,. L 2 ,
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3.2.5 Methods for the Visualization of mtDNA Fragments

There are tw o w ays to detect m tDNA fragm ents, i.e., fluorochrom ic 
staining and radiolabelling techniques. The easiest way is by staining with 
ethidium  brom ide but it is a relatively insensitive technique for fragm ent 
visualization and can on ly  be used when large am ounts o f purified m tDNA are 
available and there is no  need to detect very small fragm ents (D ow ling et a l ,  
1990). The isotopic technique offers a much higher sensitivity than ethidium  
brom ide staining and is suitable for use with small samples o f mtDNA. The 
present study therefore used both techniques as appropriate to detect mtDNA 
fragments.

3.2.5.1 F luorochrom ic staining (Ethidium  brom ide)

M itochondrial D N A  was detected in agarose gels by staining with ethidium  
brom ide (EtBr) which w as included in the gel mix at concentration o f 0.5 |j.l/ml. 
The mtDNA is directly visualized using this UV fluorescing dye which binds to 
the DNA m olecule. A photographic technique that increases the sensitivity of 
ethidium brom ide stain ing  by 10 times has been described by C hapm an &. Brown 
(1989). The gel is p laced on a UV transillum inator (302 nm) and photographed 
at an exposure o f  f  5 .6  for about 25 sec with a Polaroid d irect screen instant 
cam era with Kodak 22A  W ratten filter (deep orange) and Polaroid black & white 
Type 665 film (high resolution negative, 50 ASA).
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3.2.S.2 R adiolabelling techniques (H ybridization w ith m tD N A  probes)

Identification o f  nucleotide sequences by DNA/DNA hybridization and 
transfer techniques was first described by Southern (1975). This isotopic method 
consists o f four basic steps following separation o f digested D N A  after agarose 
gel electrophoresis: (1) transfer o f the D N A  from the gel o n to  a filter, (2) 
labelling the m tDNA probes, making it sing le  stranded, (3) hybridization and 
washing the filter, and (4) autoradiography (com plete procedure in  Appendix 3).

A. Southern transfer (transfer o f D N A  to nylon m em brane) DNA
fragments were vacuum  blotted under alkaline conditions (A ppendix 3) as 
recom m end by Reed & Mann (1985) using th e  VacuGene XL V acuum  blotting 
System (Pharm acia). First, DNA fragm ents were depurinated using acid 
conditions to break dow n large fragments in to  small pieces for m ore efficient, 
transfer until the brom ophenol blue in the gel turns yellow. Second, DNA 
fragments were transferred to nylon m em brane (Hybond-N+, A m ersham , Inc) 
using an NaOH transfer technique, rinsed w ith  SSC, dried and k ep t in W hatm an 
3MM paper at room tem perature.

B. L abelling o f m tDNA probe P. m onodon  m tDNA fragm ents were 
prepared as radioactive probes for use in hybridization experim ents by random 
priming (Feinberg & Vogelstein, 1983). P rio r to being labelled, purified mtDNA 
from P. m onodon  was cut by E coR V  d igestion and separated by electrophoresis 
through low -m elting-point agarose gel. T h e  probe was radiolabelled to high 
specific activity with dATPa^^P (ICN) using B oehringer M annheim  Biochemical
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random  prim ed D N A  labelling kit. First, probes were denatured by boiling and 
mixed with hexanucleotides, D N A  polym erase I (K lenow  enzym e labelling 
grade), and all fou r dNTPs (dATP, dCTP, dGTP, dTTP), o n e  or m ore o f w hich 
may be radiolabelled. Later, the m ixture was incubated at room  tem perature for 
4-24 h where the hexanucletides bind to the probe and act as prim er for D N A  
synthesis.

C . H y b rid iz a tio n  H ybridization was carried out using a m odified 
technique o f the procedure described by Reed and Mann (1985). The filter was 
prewashed in SSPE  buffer and prehybridized in solution w ith  carrier DNA (calf 
thymus DNA) by incubation at 60°C  for 4-12 h. The radiolabelled probe was 
boiled fo r 10  m in, chilled quickly on ice, and added to the hybridization solution, 
then incubated at 60°C  for 4-24 h. The hybridization m ixture was decanted and 
the filter washed, and sealed in plastic bag.

D . A u to ra d io g ra p h y  The radioactivity was determ ined by using a G eiger 
counter (M ini-M onitor Scintillation Probes) to estim ate the time for 
autoradiography. T he filter was exposed to nylon m em brane (Hyperfilm™ -MP; 
High perform ance autography film, Am ersham ) in a cassette with one or m ore 
intensifying screens. The cassette w as stored at -70°C for 1-2 days depended on 
radioactivity and num ber o f intensifying screens. The cassette was then rem oved 
from the freezer, allow ed to defrost for 30 min , and then the film  was developed 
(Kodak D19 developer) and fixed.
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3.2.6 Data Analysis

For m tD N A  analysis, the com posite restriction fragm ent patterns o f  each 
individual can be defined as a m tDNA haplotype. To determ ine intrapopulational 
variation, an average num ber o f  nucleotide differences per fragment betw een  two 
sequences or nucleo tide diversity (n) can then be estim ated according to N ei and 
Li (1979). T he  nucleotide diversity can be estimated by first m easuring the 
similarity betw een haplotype patterns:

Sij = 2n,/(n, + n j)

where and are the num bers o f restriction fragments in the ith an d  7 th 
haplotypes, and  «¡j is the num ber of shared fragments.

K  =  i - \ n S j j ) / r

where r  is the num ber o f base pairs recognized by the restriction enzym e.

In the present study, the differences between populations also appeared  as 
genotype frequency differences. To verify genetic differentiation betw een 
population, individual and com bined m tDNA genotype frequencies and haplotype 
frequencies w ere tested using the m ethod o f Nass (1959) for chi-square analysis 
with small expectations. To judge the significance level a minimum table-w ide 
significance value was calculated using the sequential Bonferroni technique 
(Holm, 1979; Rice, 1989). A chi-square test (Siegel, 1956) can also determ ine
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the significant differentiation betw een populations using the frequencies o f 
haplotypes in each population. How ever, Ovendon (1990) suggested that the 
num ber of haplotypes found  in m tD N A  studies are often large and  the 
distribution o f individuals between the haplotypes is often skewed. B y using 
small sam ple size, this can invalidate the analysis. F or the present study, this 
problem was overcom e by  com paring the original x^ value with that estim ated 
from 1000 M onte Carlo repeated random izations o f the original m atrix. This 
method, which was presented  by R off & Bentzen (1989), was perform ed using 
REAP, the restriction enzym e analysis package version 4.1 (M cElroy et a l ,  
1993).

To determ ine the evolutionary relationship betw een haplotypes, nucleo tide  
substitu tions (d) was estim ated from the num ber of shared fragm ents (N ei & Lei, 
1979; Nei, 1987, eq. 5.55). We first m easure the expected proportion o f  shared 
DNA fragm ents (F) betw een haplotype patterns:

F  = 2m^y/(m,^+my)

where and are the numbers o f  restriction fragm ents in the xth and yth 
haplotypes, and is the num ber o f shared fragm ents. Then we estim ate G by 
the following iterative form ula.

G  = IF (3-2G ,)]'‘

The iteration is repeated until G = G ,. An initial trial value is G /— . Once G
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is obtained, d  can be estim ated by 

d  =  -(2/r)log,G .

Phylogenies were then constructed from  a matrix o f the average num ber 
of nucleotide substitutions between haplotypes using UPGM A clustering method 
com puted by PHYLIP: phylogeny inference package version 3.5 (Felsenstein, 
1995). To quantify genetic differences betw een pairs o f population, N ei’s 
unbiased genetic distance (Nei, 1978) and R ogers’ distance (Rogers, 1972) were 
calculated based on individual m tDNA genotypes and m tD N A  haplotypes 
frequencies using BlOSYS-1 com puter program  (Swofford & Selander, 1981).

N ucleo tide d iv erg en ce  between all pairs o f populations were also 
calculated, d^ between population X and Y can be estimated by follow ing Nei 
and T ajim a (1981) and N ei (1978, eq. 10.21).

—  x̂Y ■ 0 . 5 ( d ^  + d y )

U nw eighed pair-group arithm etic average (UPGM A) clustering method 
(Sneath and Sokol, 1973) for N ei’s and R ogers’ genetic distance w ere constructed 
using BlOSYS-1 com puter program (Sw offord & Selander, 1981) and the 
nucleotide divergence trees were constructed using PHYLIP: phylogeny inference 
package version 3.5 (Felsenstein, 1995).
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3.3 RESULTS

3.3.1 Isolation, Purification and Digestion of DNA and mtDNA

3.3.1.1 DNA

As in the allozym e study, pleopod was the b est tissue, as it gave a good 
yield, low contam ination and less smearing of bands than other tissue (F ig 3.1). 
Pleopods were thus used for all experiments. Pleopods can be dissected from  live 
P. monodon-a  biopsy technique which allows the determ ination o f  m tD N A  
variation without the need to sacrifice the individual, w hich is similar, bu t yields 
m uch higher levels than blood mtDNA analysis in fish  (Billington & Hebert, 
1990). From one pleopod, about 230 mg of tissue (100-120 g P. m onodon), 
about 70 |ig  DNA (= 0.3 mg DNA per gram starting tissue) can be extracted. By 
using 1,2,5, and 10 (ig DNA for each restriction enzym es digestion, it w as shown 
that as little as 1 |lg  DNA could be seen on negative film  (Fig 3.2), how ever for 
clarity 10 |lg  DNA per digestion were used in the present study. O ne pleopod 
should enable up to 7 restriction enzym e reactions to be analyzed.

Partial d igestion experim ents showed that to ta l nucleic acid can be 
com pletely digested within 1-24 hours as shown in  Fig 3.3. H ow ever, for 
convenience and for com plete digestion, the incubation was processed overnight 
at 37° C for up to 24 h.
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Fig. 3.1 Com parison o f purified total DNA betw een tissue sam ples o f P. 
m onodon: lanes 2-4 are pleopod, lanes 5-6 are hepatopancrease and lane 1 is 
X H ind lll marker.

Fig. 3.2 REs digestion experim ent o f total DNA extracted from P. monodon  
pleopod; A pa\ restriction fragm ents are in lanes 2-4, P vmII restriction fragm ents 
are in  lanes 6-9, E co R l restriction fragm ents are in lanes 10-13 w ith DNA of 
1,2,5,10 pg  respectively. Lane 1 is XHindiW  marker.
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Fig. 3.3 Partial digestion experim ent o f total D N A  extracted from P. monodon  
pleopod, Bam H l digestion fragm ents sample 1 (lanes 2-6), sample 2 (lanes 7-11), 
and ¿"coRV digestion fragm ents sample 1 (lanes 12-16) sample 2 (lanes 17-21) 
with incubation time o f 0.5, 1, 2, 4 and 24 h respectively. Lanes 1 and 22 are 
XHindll marker.

3.3.1.2 M tD N A

M tD N A  from pleopod o f  live P. monodon  was extracted. Using phenol 
extraction, yields of about 100 ng per gram starting tissue were obtained. The 
purity o f m tDNA was tested by agarose gel electrophoresis. No nuclear DNA 
contam ination was detectable in ethidium brom ide staining. Then mtDNA was 
digested w ith EcoRW  (as this enzym e gave only one fragment), run in a low 
melting point agarose gel, cut and stored at -20°C ready to be used as the 
radiolabelled probe.
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3.3.2 Mitochondrial DNA Restriction Patterns of P. m onodon

3.3.2.1 Visualization

Using 10 fxg o f  total nucleic  acid extracted from frozen P. m onodon  
pleopod, m tDNA patterns restricted  with six-base pair restriction enzym e can be 
seen on the negative o f Polaroid ty p e  665 film  using ethidium  brom ide staining. 
The patterns were verified as m tD N A  by probing Southern transfers o f the gels 
w ith ’^P-labelled purified m tD N A , then com pared to the bands observed in the 
restriction patterns obtained from purified m tDNA with the sam e enzym es.

Fluorochrom ic staining an d  radiolabelling o f sam ples from  the sam e 
individuals were compared. Fig. 3 .4  A, 3.5 A, 3.6 A, 3.7 A, 3.8 A show s the 
ethidium  brom ide stained gel o f  BamW\, EcoK V, PvuW, 5 ac l, and HindlW  
restriction fragm ents respectively, and Fig. 3.4 B, 3.5 B, 3.6 B, 3.7 B, 3.8 B 
shows an autoradiograph o f a D N A /D N A  hybridization gel o f Bam H \, E c o R .\,  
PviiW, 5acl and HindlW  restriction fragments respectively. Both the ethidium  
bromide stained gel and the D N A /D N A  hybridization autoradiograph o f E c o K \ ,  
HindlW, and PviiW exhibited corresponding patterns, but there w ere extra bands 
(non mtDNA fragm ents) in both BamWl and 5acl in the ethidium  brom ide 
staining. As m tDNA banding patterns can be seen using ethidium  brom ide, 
samples with clear bands can b e  viewed directly from Polaroid picture and 
negative film.
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non mtDNA 
■ fragments

B

Fig. 3.4 C om parison o i B am H l digestion fragments of P. monodon, A. Ethidium - 
brom ide stained gel, B. DNA/DNA hybridization autoradiograph.

B

Fig. 3.5 Com parison o f E coR V  digestion fragments of P. monodon, A. 
E thidium -brom ide stained gel, B. D N A /D N A  hybridization autoradiograph.







1 4 6
3.3.1.2 Fragm ent patterns

Restriction m orphs, the fragm ent patterns of P. m onodon  m tDNA digested 
with each of five 6bp restriction enzym e namely, BaniH l, E coR V , PvmII, S a d  
and H in d lll are presented in Fig. 3.9, a total o f 31 fragm ents were observed. 
Size estim ates for P. m onodon  m tDNA fragments obtained by digestion with five 
restriction enzym e are shown in Table 3.3. The total m olecular size o f  the P. 
m onodon  m tDNA genom e was estim ated to be about 15.76±0.57 kb. All five 
restriction enzym e fragm ent patterns were found to be polym orphic in all 10 
locations studied.

B a r n m
Tw o genotypes o f BamW \ were found in P. monodon. BamWl genotype A 
appeared to have a single cut site, 16.7 kb, while BamWl genotype B produced 
two fragm ents, 9.0 kb and 7.0 kb. These two patterns w ere consistent with the 
results o f  Benzie et al. (1993) for the same species. The A ustralian populations 
had a size o f 14.6 kb for genotype A and 9.2 kb & 7.1 kb for genotype B. In 
contrast, Bouchon (1994) found only genotype B, 9.35 kb & 7.10 kb, in 
laboratory strains o f M alaysian, Australian and Fijian P. m onodon  populations. 
The change from BamW l genotype A to BamWl genotype B can be m ost easily 
explained by the addition of a single new cut site. Som e samples showed 
incom plete digestion and had three bands patterns, m ixture o f  genotype A and B, 
for the present study these were interpreted as genotype B (see Fig 3.9 A).
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Fig. 3.9 DNA/DNA hybridization autoradiograph showed restriction fragment 
patterns o f P. monodon mtDNA.

kb kb

B
A. MtDNA fragment patterns digested with Bam H l.
B. MtDNA fragment patterns digested with EcoRW .
A  O B A  B C A

kb kb

. 15.5

1- 16.1
- 11.1 13.7

4 .7 ^  -  4.1

-  2. 8

C. MtDNA fragment patterns digested with PvuW.
D. MtDNA fragment patterns digested with S a d .
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E c o K V
Three restriction m orphs were observed in P. monodon. EcoRW  genotype A had 
a single band while both E coR V  genotype B and  C were double banded but with 
different m olecular w eights. The single morph was replaced by 10.9 kb and 4.6 
kb fragm ents for EcoRW  genotype B and by 9.4 kb and 5.8 kb fragm ents for 
EcoRW  genotype C. G enotype A, 17.5 kb, and C, 9.8 kb & 6.0 kb, were 
consistently found in A ustralian P. monodon populations (Benzie et a i ,  1993) but 
only genotype A, 15.75 kb, w as found in laboratory strains o f  M alaysian, 
A ustralian and Fijian populations o f P. m onodon  by Bouchon (1994).

HindlW
Six polym orphic genotypes o f HindlW  were detected in this species. HindlW  
genotype A produced four fragm ents, 4.9, 4.9, 3.1 & 2.5 kb. The two bands o f 
the sam e size and m obility at 4.9 kb appearing as a more intense band on the gel. 
Fragm ents 3.1 kb o f HindlW  genotype B was replaced by fragm ents 1.8 and 1.6 
kb. HindlW  genotype F had 6 fragm ents, 4.9, 3.1, 2.7, 1.7, 1.6 «& 1.0 kb. HindWl 
genotype A could be converted to HindWl genotype F by the replacem ent of 2.7 
& 1.7 kb for a single band of 4.9  kb, and 1.6 &  1.0 kb for a single band o f 2.5 
kb. HimñW  genotypes C, D & E all showed 7 fragm ents. They shared the same 
fragm ents at 3.7, 1.9, 1.7, 1.6 & 1.0 kb but genotype C had a presum ed double 
band o f 2.7 kb, genotype D was 3.1 & 2.7 kb bands and genotype E had 4.1 &
3.1 kp bands.

In the present study many samples digested with the enzym e HindlW  were 
undigested o r incom pletely digested. This may have been due to the sam ples not
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being adequately purified or being contaminated w ith  RNA. T he rem aining 
extracted pleopod DNA samples were inadequate to undertake further digestion, 
therefore HindlW  was not used for mtDNA analysis.

P v u ll
Four genotypes for Pvull were detected in this species. P vull genotype A 
produced one 15.5 kp fragment, Pvull genotype B had  3 fragments o f 7.6, 6.4 &  
1.5 {Pvull genotype B only appeared to have two fragm ents o f 7.6 & 6.4 kb but 
actually has three fragments, 1.5 kb was detected by K linbunga (pers com m ), C  
had two fragm ents o f 8.0 7.6 kp, and Pvull genotype D showed three
fragm ents o f 8.0, 4.7 and 2.6 kb. However, Bouchon (1994) found only genotype 
C, 8.6 kp & 7.8 kp, in laboratory strains o f M alaysian, Australian and Fijian P. 
m onodon  populations. Pvull genotype A could be changed to Pvu ll genotype C 
by the addition of a single cut site and Pvull genotype C could be changed to 
P vu ll genotype D by the replacem ent of 4.7 & 2.6 kb fo r a single band of 7 .6  kb. 
T he Pvull genotype C could be changed to Pvull genotype B by the replacem ent 
o f 6.4 1.5 kb for 8.0 kb.

.S’a c I
Three genotypes o f S a d  were scored in P. monodon. S a d  genotype A appeared 
to have a single cut site while S a d  genotype B and C  showed two fragm ents o f
13.1 & 2.8 kb and 11.1 <fe 4.1 kb respectively. Patterns A and B were 
consistently observed in Australian P. monodon with a  m olecular weight o f  17.6 
kb and 14.5 & 2.9 kb respectively (Benzie et a i ,  1993). On the other hand, 
Bouchon (1994) detected only genotype A (15.45 k p ), in laboratory strains o f
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M alaysian, A ustralian and Fijian P. monodon  populations. T he change from S a d  
genotype A to S a d  genotyp>e B or C could be explained by the addition o f a 
single new  cut site in each case.

3.3 .2 .3  M itochondrial DNA individual genotypes
M itochondrial DNA genotype frequencies o f four restriction enzym es 

{Bam H l, E c o K \ , P vu ll and S a d )  for 10 separate SE A sian populations are 
presented in Table 3.4 and Fig 3.10 A, B, C and D.

BamYll
G enotype A was generally m ore com m on in the western populations. G enotype 
B w as m ore com m on in the eastern populations apart from  Surat, and was 
m onom orphic in Kedah population.

£:coRV
In general all populations had the same com m on genotype A, and were 
m onom orphic in Kedah and D ungun populations.

P v u ll
PvuU  show ed the sam e results as Bam H l w ith com m on genotype A in the 
w estern populations, and com m on genotype C in the eastern populations apart 
from  Surat.

S a d
G enotype A was generally m ore com m on in the eastern populations apart from 
Kedah. G enotype B was com m on in the western populations apart from  Trat and 
Surat.
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T ab le  3.4 Frequencies o f  individual m tDNA genotype in 10 populations o f P. 
monodon: l= T ra t, 2=Surat, 3=Phuket, 4=Satun, 5=Kedah, 6=Dungun, 7=Aceh, 8=South 
Java, 9=N orth  Java, 10=Philippines

P o p u l a t i o n

L o c u s 1 2 3 4 5 6 7 8 9 1 0
BamHI
A , 3 7 5 . 7 5 0 . 6 2 5 . 6 6 7 - . 2 0 0 . 5 0 0 . 1 6 7 . 2 5 0 . 3 7 5
B . 6 2 5 . 2 5 0 . 3 7 5 . 3 3 3 1 . 0 0 0 . 8 0 0 . 5 0 0 . 8 3 3 . 7 5 0 . 6 2 5
E c o RV
A . 7 5 0 .  8 7 5 . 8 7 5 . 8 6 7 1 . 0 0 0 1 . 0 0 0 . 8 7 5 . 6 6 7 . 8 7 5 . 7 5 0
B . 0 6 3 . 1 2 5 - . 0 6 7 - - - - - -

C . 1 8 8 - . 1 2 5 . 0 6 7 - - . 1 2 5 . 3 3 3 . 1 2 5 . 2 5 0
P v u I I
A . 3 1 3 . 6 2 5 . 6 2 5 . 6 0 0 - . 2 0 0 . 5 0 0 . 1 6 7 . 1 2 5 -
B - - - - - - - . 1 6 7 . 1 2 5 . 1 2 5
C . 6 2 5 . 25 0 . 3 7 5 . 3 3 3 1 . 0 0 0 . 8 0 0 . 5 0 0 . 6 6 7 . 7 5 0 . 8 7 5
D . 0 6 3 . 1 2 5 - . 0 6 7 - - - - - “
S a d
A . 3 7 5 . 2 5 0 . 2 5 0 . 2 6 7 . 5 0 0 . 8 0 0 . 3 7 5 . 6 6 7 . 6 2 5 . 7 5 0
B . 6 2 5 . 7 5 0 . 7 5 0 . 7 3 3 . 3 3 3 . 2 0 0 . 6 2 5 . 3 3 3 . 3 7 5 . 2 5 0
C - - - - . 1 6 7 - - - - -
n 1 6 8 8 1 5 6 1 0 8 6 8 8

3.3.2.4 M ito c h o n d ria l D N A  h ap lo ty p es

T w elve different mtDNA haplotypes were resolved among ten populations using 
the four restriction enzym es, BamW l, EcoKW, PvuW and 5acl. D etails o f m tDNA 
haplotypes, com posite  m tDNA genotypes and number o f samples for each collection 
location w ere sum m arised in T ab le  3.5 and Table 3.6. D escriptions of m tDNA 
haplotype and  frequencies o f m tD N A  haplotypes for twelve locations before pooling 
were sum m arised in Table 3.7 A and 3.8 A, and ten populations after pooling were 
summarised in  Table 3.7 B, 3.8 B and Fig. 3.11. There were tw o com m on m tDNA
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haplotypes. H aplotype I designated AAAB found in  32 individuals and was the 
common haplotype in Surat, Phuket, Satun and A ceh populations. H aplotype VII 
designated BACA was found in 40 individuals and was the com m on haplotype in Trat, 
Kedah, D ungun, North Java, South Java and the Philippines populations. However, 
Kedah and the Philippines populations did not have haplotype I and the Satun 1992 
population did not have haplotype VII. Haplotype IV  and XII appeared in all Thai 
populations either side o f the Peninsula but were not found in the geographically close 
populations in M alaysia. The only other occurrence w as a haplotype II, V and VI in 
the Philippines population, haplotype III, X and X I in North and South Java 
populations, and haplotype IX in Kedah population.

T ab le  3.5 M itochondrial DNA haplotype dem onstrated in 
P. monodon  using four endonucleases

H aplotypes Restriction m orphs

BamHl EcoRV P v m II Sad

I A A A B
11 A A C A
III A A C B
IV A B D B
V A C C B
VI B A B A
VII B A C A
VIII B A C B
IX B A C C
X B C B B
XI B C C A
XII B c C B
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T ab le  3 .6  The m tD N A  haplotype, com posite  m tDNA genotypes (Bam H I, jBcoRV, 
P vmI I ,  and 5acl) o f each collection location  o f P. monodon

Collectionlocation Year m tD N Ahaplotype C om posite m tDNA genotypes No. o f samples
1 Trat 1992 I AAAB 2(Thailand) IV ABDB 1V II BACA 2v ili BACB 1X II BCCB 2

1993 I AAAB 3V II BACA 4X II BCCB 1
2 Surat 1992 I AAAB 5(Thailand) IV ABDB 1V II BACA 2
3 Phuket 1992 I AAAB 5
(Thailand) V II BACA 2X II BCCB 1

4 Satun 1992 I AAAB 6
(Thailand) X II BCCB 1

1993 I AAAB 3IV ABDB 1V II BACA 4
5 Kedah 1992 V II BACA 3
(M alaysia) -VIH BACB 2IX BACC 1

6 Dungun 1992 I AAAB 2
(M alaysia) V II BACA 8

7 Aceh 1993 I AAAB 4
(Indonesia) V II BACA 3X II BCCB 1

8 S. Java 1993 I AAAB 1
(Indonesia) V II BACA 3X BCBB 1X I BCCA 1

9 N. Java 1993 I AAAB 1
(Indonesia) III AACB 1VII BACA 5X BCBB 1

10 Lingayen 1992 II AACA 1
(Philippines) V ACCB 2V I BABA 1V II BACA 4
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3.3.3 Mitochondrial DNA Variation

Intrapopulation m tDNA heterogeneity {nucleotide d iversity  (n) within 
population) corresponded to the num ber o f shared fragm ents in each population. 
The values were slightly different betw een populations (Table 3.9), the lowest 
was in Kedah (0.011490) and the highest in South Java (0.065232) w ith an 
average o f  0.0466. The Kedah population was the only one  that showed 
obviously low nucleotide diversity because o f the low level o f m tDNA 
polym orphism  (see Table 3.4.)

T ab le  3,9 M tD N A  variation within 
population o f P. m onodon.

Collection sites N ucleotide
diversity

1 Trat 0.052896
2 Surat Thani 0.054663
3 Phuket 0.052824
4 Satun 0.052740
5 Kedah 0.011490
6 D ungun 0.037638
7 Aceh 0.059004
8 South Java 0.065232
9 North Java 0.041167
10 Philippines 0.038119

A verage 0.046577
±0.000023
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3.3.4 Mitochondrial DNA Differentiation

The present study, the differences between populations are presented as 
genotype frequency differences therefore Nass chi-square statistical analyses were 
used to test individual and com bined mtDNA genotype frequencies, and m tDNA 
haplotype frequencies differences. MtDNA haplotype frequencies w ere also 
analysed using M onte Carlo simulation techniques.

3.3.4.1 B etw een year
»

Sam ples from  2 populations in Thailand (T rat & Satun) w ere tested for 
temporal stability  o f mtDNA genotypes between the years 1992 and 1993. In the 
Trat population, all chi-square tests showed no significant difference between 
years (see A ppendix 4). The Satun population exhibited significant differences 
at S a d  (P=0.03) and mtDNA haplotype frequencies (P=0.018). H ow ever, after 
correcting (the sequential Bonferroni test) there w ere no significant differences. 
Com bined m tD N A  genotype frequencies (P=0.220) and M tDNA haplotype 
frequencies using M onte Carlo simulation (P=0.05) also showed no significant 
differences. T he  result suggested stability o f m tDNA genotype frequencies over 
tim e therefore th e  data from multiple collections at th e  same site w ere pooled for 
further analysis.
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3.3.4.2 Between population

Pairw ise com parisons showed 6 significant differences at individual 
m tD N A  genotype frequencies as sum m arised in Table 3.10 A. The Philippines 
exhibited  significant difference from Surat, Phuket and Satun at P vmII. Kedah 
show ed significant differences from Surat, Satun at DaniHl and P vull. Dungun 
was significant differences from Satun at S a d .

9  significant differences were detected at combined m tD N A  genotype 
frequencies as show n in Table 3.10 A. T here were significant differences 
betw een the Philippines and Surat (P=0.020), Phuket (P=0.000) and Satun 
(P=0.030), and betw een Kedah and Surat (P=0.007) and Satun (P=0.017) as in 
the individual m tD N A  genotype frequencies analyses. But significant differences 
betw een Dungun and T rat (P=0.007), Surat (P=0.009) and Phuket (P=0.048), and 
betw een Phuket and K edah (P=0.030) w ere also observed. The com bined 
m tD N A  genotype frequencies between D ungun and Satun did not pick up the 
significant difference (P=0.070).

Pairw ise com parisons o f haplotype m tD N A  frequencies, using both Nass 
ch i-square analyses and M onte Carlo sim ulation techniques, gave very sim ilar 
results apart from Phuket v.s. N Java and D ungun v.s. Philippines as sum m arised 
in T ab le  3.10 B. T he Philippines population exhibited significantly different from 
Trat (P= 0.025), Surat (P=0.016), Phuket (P=0.010), Satun (P=0.006), Aceh 
(P = 0.042), and D ungun (P=0.014) but no t Kedah (P=0.117), South Java 
(P = 0.168), and North Java (P=0.194).
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Indonesian populations. North and South o f Java showed no evidence of 

m tD N A  genetic differentiation (P=0.750). The N orth Java, but not the South 
Java, w as significantly d ifferent from Surat (P=0.049), Phuket (P=0.040) and 
Satun (P=0.016) populations bu t no others.

W ithin the Andam an S ea populations, Phuket, Satun and Aceh appeared 
to be genetically hom ogeneous. But the M alaysian west coast population o f 
Kedah appeared to be different to the adjacent Thai Andam an Sea populations 
[Phuket (P=0.019), Satun (P=0.006)], Aceh population (P=0.049), and the east 
coast M alaysian population o f  Dungun (P=0.042). L ikew ise Dungun is different 
to the adjacent Thai population o f Surat (P=0.030) and the Andam an sea group 
[Phuket (P=0.033), Satun (P=0.029)].

T he G ulf o f Thailand population of Trat exhibited no significant 
differences with other populations apart from Philippines (P=0.025). Surat 
appeared to be significantly different from Kedah (P=0.012), N orth Java 
(P=0.049), and Philippines (P=0.016). Dungun also showed significant difference 
with Phuket (P=0.033), Satun (p=0.029), Kedah (P=0.042), and Philippines 
(P=0.014).

T he results from the m tD N A  individual genotypes, m tDNA haplotypes and 
all chi-square analyses o f m tD N A  restriction enzym e frequencies, appears to be 
separated P. monodon  into tw o groups, i.e. Phuket, Satun, Aceh and Surat &  Trat, 
Kedah, Dungun, South Java, North Java and Philippines. M oreover, the data 
suggested reproductive isolation of the Philippines p>opulation from  M alaysian



1 7 0
populations, and the A ndam an sea populations. Therefore there  is evidence o f 
geographic structuring o f the breeding population betw een the A ndam an Sea 
populations and South C hina Sea populations. W ithin this there appears to be 
two geographically aberrant populations-Surat which tends to group with the 
A ndam an Sea and Kedah w hich appears to group with the South  C hina Sea.

3.3.5 Genetic distance & UPGMA clustering dendrogram

N ei’s and R ogers’ genetic distances based on individual m tDNA genotype 
and m tD N A  haplotype frequencies between all pairw ise com parisons are 
presented in Table 3.11 A and B, and Fig. 3.12 A l, A2 and B l ,  B2 respectively. 
The genetic distance data gave essential very similar results. There w ere two 
main grouping which included all Thai populations, Aceh, and  the o ther which 
included both M alaysian populations and the rem aining South C hina Sea 
populations. These results were unexpected as they grouped populations either 
side o f  the peninsular together, e.g. Surat and Trat with A ndam an Sea sites and 
Kedah with South C hina Sea sites.

Nucleotide divergence between all pairwise com parisons of ten populations 
were also calculated as sum m arised in Table 3.12 and F ig . 3.13. Average 
percentage o f divergence w as 0.80%, the highest range was 3 .79%  betw een South 
Java and Sural. This gave almost on identical dendrogram to  that generated by 
N ei’s and R ogers’ genetic distances.
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F is r .  3 . 1 2  D e n d r o g r a m  o f  t e n  p o p u l a t i o n s  o f  P . m onodon  d e r i v e d  
b y  a  UPGMA c l u s t e r  a n a l y s i s  o f  g e n e t i c  d i s t a n c e  v a l u e s .  T h e  s o f t w a r e  p a c k a g e  B IO S Y S -1  ( S w a f f o r d  a n d  S e l a n d e r ,  1 9 8 9 )  w a s  u s e d  
t o  p r o d u c e  t h e  d e n d r o g r a m .

A l . I n d i v i d u a l  mtDNA g e n o t y p e  u s e d  N e i  ( 1 9 7 8 )  u n b i a s e d  
g e n e t i c  d i s t a n c e

. 4 0 . 3 3 . 2 7 . 2 0  . 1 3
Genetic distance

. 0 7 . 00

A 2 . MtDNA h a p l o t y p e  u s e d  M e i  ( 1 9 7 8 )  u n b i a s e d  
g e n e t i c  d i s t a n c e

. 2 0 . 1 7 . 1 3 . 1 0  . 0 7
Genetic distance

. 0 3 .00
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F l ( r .  3 . 1 3  D e n d r o g r a m  o f  t e n  p o p u l a t i o n s  o f  P . m onodon  d e r i v e d  
b y  a  UPGMA c l u s t e r  a n a l y s i s  o f  n u c l e o t i d e  d i v e r g e n c e  f r o m  12  h a p l o t y p e s .  T h e  s o f t w a r e  p a c k a g e  PH YLIP ( F e l s e n s t e i n ,  1 9 9 5 )  w a s  u s e d  t o  p r o d u c e  t h e  d e n d r o g r c im .

SUKAT
PHUKET
SATUN

N JAVA 
PHILIPPINES
S JAVA
DUNGUN
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C onsidering both the genetic d istance and nucleotide divergence and 

com paring this to the  chi-square analysis gives a sim ilar pattern  o f divergence 
T w o groups, i.e. Phuket, Satun, Surat, T rat and Aceh group &  Kedah, Dungun, 
South Java, North Java  and the Philippines group.

To consider the evolutionary relationship, nucleotide substitutions (d) 
betw een haplotype w ere estim ated (Table 3.13). M aximum m tD N A  nucleotide 
divergence within P. monodon  species w as d  = 0.350 betw een haplotype I and 
X I, and nucleotide divergence between the two common haplotypes I and VII 
w as d  =  0.106. To visualize the correlation between these tw elve haplotypes, the 
U PG M A  clustering dendrogram  of nucleotide substitutions w as com puted and 
displayed in Fig. 3.14. The tree was divided into two groups, the first group 
included haplotypes I, 11, 111, IV and V, another group com prised haplotypes VI, 
V II, VIII, IX, X, X I and XII. The haplotype data o f each group were therefore 
pooled together; i.e., clone A represented Haplotype I, II, III, IV  & V, and clone 
B represented Haplotype VI, VII, VIII, IX, X, XI & XII. D escriptions o f  clonal 
haplotype and haplotype frequencies o f ten populations were presented in Table
3.7 C and 3.8 C respectively. A dendrogram  of the clonal haplotypes o f each 
population is shown Fig. 3.15. It can be seen that clone A w as more com m on 
in the Andam an groups apart from the K edah population, and clone B w as more 
dom inant in the South China Sea groups apart from the Surat population.

Nucleotide divergence between all pairwise comparisons o f  ten populations 
w as reanalysed as sum m arised in T able 3.14. The U PG M A  clustering 
dendrogram  o f clonal haplotype (Fig. 3.16) did show two branches but with
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different com binations. The first group consists o f Phuket, Satun, Aceh and 
Surat, second group consists o f Trat, Philippines, South Java, North Java, Dungun 
and Kedah. T he dendrogram  produced a different outcom e from  earlier 
procedures, the T rat population was moved to South C hina Sea group and Surat 
population w as m ore isolated from the A ndam an Sea populations.

In conclusion, P. monodon  within SE A sian  could generally be divided 
into two distinct groups: Andaman Sea and South China Sea. How ever, the Thai 
populations, T rat and Surat tended to group w ith  the A ndam an sea populations 
and Kedah an A ndam an Sea population appeared to group with South China Sea 
populations. These results are discussed and possible explanations for this 
results.
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F l f f .  3 . 1 4  P h y l o g é n i e  r e l a t i o n s h i p  o f  1 2  h a p l o t y p e s  d e r i v e d  
b y  UPGMA c l u s t e r  a n a l y s i s  o f  b a s e  s u b s t i t u t i o n .  T h e  s o f t w a r e  
p a c k a g e  PH YLIP ( F e l s e n s t e i n ,  1 9 9 5 )  w a s  u s e d  t o  p r o d u c e  t h e  d e n d r o g r a m .
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F i g .  3 . 1 6  D e n d r o g r a m  o f  t e n  p o p u l a t i o n s  o f  P .  m onodon  d e r i v e d  b y  a  UPGMA c l u s t e r  a n a l y s i s  o f  n u c l e o t i d e  d i v e r g e n c e  
f r o m  2 c l o n e  h a p l o t y p e s .  T h e  s o f t w a r e  p a c k a g e  PH YLIP  
( F e l s e n s t e i n ,  1 9 9 5 )  w a s  u s e d  t o  p r o d u c e  t h e  d e n d r o g r c im .

SATUN
PHUKET
ACEH
SURAT

DUNGUN 
S JAVA
N JAVA

PHXIilPPXNES
TRAT
KEDAH
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3.4. DISCUSSION

Using ultracentrifugation on CsCL-ethidium brom ide density gradients, a 
tim e consuming m ethod for the isolation o f m tD N A , Benzie e t al. (1993) 
obtained a yield o f  10 digests from P. monodon  fresh sam ples (4 digests from 
m uscle and 6 digests from fresh mature oocytes), but th is reducing to  1 -2 digests 
from frozen m uscle. Lansm an et al. (1981) reported a  yield of 3 p,g per gram 
wet weight tissues o f  adult m ouse {Peromyscu.s m aniculatus). T he liver, heart 
and kidneys o f the rodents w eight about 2 g can be d igested  and give about 10 
reactions. Chapm an and Brown (1990) summarised tha t most labs claim  yields 
o f 0.1 to 1.0 pg per gram tissue from caesium gradients. Using a sim plified 
procedure, Powel and  Zuniga (1983) obtained m tD N A  from 75 m g o f fresh 
tissues of mixed sex D rosophila pseudoohscura  (50 adu lt) to perform  only one 
digestion. Bouchon et al. (1994) detected an average m tD N A  o f 7 pg/g from 
frozen ovaries of P. monodon  which provided theoretically enough DNA for 17 
digests per animal. B ut because o f storage problems during  transport the yield 
was reduced to 10 d igests per sample. In the present study, frozen sam ples were 
used for allozyme analysis and the difficulties o f transportation and storage m eant 
that muscle, hepatopancreas and ovaries were highly contam inated with nuclear 
DNA. W e therefore extracted total DNA from pleopod and detected mtDNA 
fragments using radiolabelling techniques. However, the m ethod gave high 
resolution, one pleopod yielding up to 7 digests. In addition, by using pleopod 
as a tissues sample w e need not sacrifice the animal be ing  studied.

The radiolabelling technique used in this study is one o f the best m ethods
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routinely used to detect small DNA fragm ents (Feinberg and V ogelstein, 1983; 
C hapm an and Brown, 1990). However, the use o f photographic m ethods as an 
alternatives to radiolabelling has several advantages such as speed, reduced 
expense and  increased safety as recom m ended by Chapm an and Brown (1989). 
The sm allest fragm ents they could detect was 1.2 kb. B enzie et al. (1993) and 
Bouchon et al. (1994) reported the sm allest fragm ents they  could detect on 
ethidium  brom ide stained agarose gel o f purified m tDNA digestion patterns o f P. 
m onodon  was 1 kb. Ethidium  brom ide staining for the present study w hich can 
be seen o n  negative o f  Polaroid film  w as consistent w ith autoradiograph o f o f 
D N A /D N A  hybridization gel. The sm allest fragments routinely  detected was the 
2 . 6  kb o f  P vm I I  but 1 . 5  kb fragment w as not seen using ethidium  brom ide. 
H ow ever because w e knew the m tD N A  patterns o f anim al being studied we 
therefore could used ethidium  bromide staining for this m tD N A  RFLPs study.

T h e  size o f the mtDNA genom e of P. m onodon  was show n to be 
com parable with o ther invertebrate anim als. There w as n o  evidence o f size 
variation among the mitochondrial genom es surveyed. T he  m olecular size o f 
about 16 kb pairs (15.76+0.57) is consistent with m tDNA studied in the other 
marine Crustacea: Panulirus argus (K om m  et al., 1982; M cLean et a l., 1983), 
Artem ia .salina (B atuecas et al., 1988), Ja.su.s spp. (B rasher et al., 1992), Penaeu.s 
notialis and P. schm itti (M onnerot et al., 1992). W ithin the  same species, the 
size o f P. monodon  m tDNA is consistent with the studies of Bouchon et al. 
(1994) o f  15.83+0.16 kb in laboratory strains of Fijian, M alaysian and A ustralian 
populations. B enzie et al. (1993) unexplained restriction morph had a total 
m tD N A  o f  17.7 kb in three Australian populations.
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T he fragm ent patterns o f all five enzyme (fiam HI, E coR V , H indlll, P vull 

and SacV) o f  P. monodon  mainly agreed with the studies o f the same species 
(Benzie et a l., 1993; Bouchon et al., 1994). Bouchon et al. (1994) digested total 
m tDNA o f P. monodon with twelve restriction enzym es; nine o f  them were 6- 
base cutters: Ba/nHI, BgH\, Clal, EcoKW, Pstl, P vu ll, S a d , S tu l and Styl, two 
were 4-base cutters: H hal and M spl, and one a 7-base cutter: E coO \09 . Only 
three restriction enzym es exhibited polym orphism , i.e. Bglll, H hal and Pstl. 
Benzie et al. (1993) observed four polymorphic enzym es, i.e. Bam H l, EcoRW, 
S a d  and E coO l09 , three of these giving similar results in the present study.

M tD N A  differentiation between year classes was not observed between 
population studies of P. monodon  (Trat and Satun). The result dem onstrated that 
there w as stability o f mtDNA both in the Gulf o f Thailand and the Andaman Sea 
confirm ing the results o f the allozym e study. For mtDNA genotypes 
differentiation, the distinct break points in the m tDNA genotype by having 
several m utation steps and clearly identifying a phylogenetic split were observed 
(e.g. Lansm an et al., 1983; Saunders et al., 1986). Even though such a clear cut 
difference this has not been detected in the present study a preponderance o f 
certain haplotypes in a given area was observed. H aplotype I, AAAB, which was 
common in Andam an Sea groups m ight be ancestral o f this area. Haplotype V ll, 
BACA, the com m on haplotype in South China Sea groups could be derived from 
this area. These two populations m ight be separated by M alaysian land mass 
barrier since Quaternary Glacial Period as same as the explanation in allozyme 
chapter. A fter the rising o f sea level the species w as com bined exhibiting two 
com m on haplotypes in both areas. However there is strong current between these
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tw o areas (Dale, 1956; Open U niversity, 1989) the species can not recolonize 
therefore the result showed evidence o f geographic structuring o f P. m onodon  
breeding population between these tw o  areas.

M itochondrial DNA analysis has been widely applied to population genetic 
studies, how ever there have been few  investigation of penaeid prawn species. 
Previous surveys showed that m arine species appeared to  have lower m tD N A  
sequence diversity (low er than 1.0% ) than terrestrial and  freshwater species 
(O vendon, 1990). Data also suggested that som e marine species may show little 
or no m tD N A  differentiation over large geographic areas (Avise, 1985). In the 
present study, the observation o f m tD N A  variation in P. monodon  was below  
average (divergence = 0.80% ), the m axim um  value o f divergence (3.79% ) was 
betw een Surat and South Java. The average divergence between two separate 
groups (Trat, Surat, Phuket Satun and  Aceh group, & Kedah, Dungun, South 
Java, North Java and Lingayen group) is also high at 1.80%. The result suggest 
that there is m ore mtDNA variation in  P. monodon  than has been thought.

Analysis o f mlDNA has been used to find out a species history. M oritz 
et al. (1987) mentioned that m tDNA diversity within species is correlated with 
the tim e since a maternal ancestor w as last shared w hich may correspond to a 
reduction in numbers or to the orig in  of the species at som e time in the past. 
Brown et al. (1982) estimated the rate o f base substitution o f  m am m alian m tD N A  
k  = 10 ** per site per year. Based o n  the assum ption that the base substitution 
rate o f  P. monodon  is not substantially different from  that o f  m am m alian m tD N A . 
From  assum ption that T  = dJ2X  (Nei, 1987), the nucleotide substitution o f 0 .0822
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betw een the two m ain groups o f P. monodon  haplotype (group A com prise o f  
haplotype I, II, III, IV & V and group B com prise of haplotype VI, VII, VIII, IX, 
X, XI &  XII, see Table 3.13 and Fig. 3.14), could have been generated from  a 
com m on haplotype some 4.11 million years ago. W ith the average nucleotide 
divergence between A ndam an Sea and South C hina Sea groups =  0.018, the 
tim e since divergence betw een these populations would be about 0.9 m illion years 
ago. P. m onodon  population betw een these two areas therefore could be separated 
in the late Ice age after the separation o f  the tw o main haplotypes. This result 
supported by Nei (1987) that the time o f  gene splitting is usually m uch earlier 
than the tim e of population splitting.

B enzie et al. (1993) and Bouchon et al. (1994) both detected m tDNA 
genetic difference between P. monodon populations. Benzie et al. (1993) using 
m tDNA genotype frequencies reported a significant difference between P. 
m onodon  w ild populations from  east and west Australian coasts (x^=7.23, d.f.=2, 
P<0.05) but not am ong the east coast populations (x^=l-0, d.f.=2, P>0.5). 
Bouchon et al. (1994) detected high intraspecific mtDNA sequence divergence 
betw een the Fijian strain and the Australia/M alaysia strains o f 1.68%. These 
three strains were obtained from  laboratory stock. Though they may represent 
a natural population but not a real sample size, there was no variation within any 
population. However, Bouchon et al. (1994) concluded that geographic 
structuring o f the breeding population of P. monodon  within the Indo-W est 
Pacific zoogeographical region appears to be separated into three groups: Indian 
Ocean, W est Pacific and M elanesian Archipelago.
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In the present study, clustering dendrograms using single an d  m ultiple 

m tD N A  genotype frequencies o f  N ei’s and R ogers’ distance, and  nucleotide 
divergence have corresponding identified two separate groups: Trat, Surat, Phuket 
Satun and Aceh group & Kedah, Dungun, South Java, North Java an d  Lingayen 
(see Fig. 3.12 A & B, Fig. 3.13). The haplotype divergence an d  phylogeny 
dendrogram s suggest P. m onodon  within SE Asia may be d iv ided  into two 
genetically distinct groups: A ndanan Sea group (Phuket, Satun, A ceh, Trat and 
Surat) & South C hina Sea group (Dungun, Kedah, South Java, N orth  Java and 
Philippines). The clustering dendrogram  using the 2 clonal haplotypes puts 
K edah in the South C hina Sea group, and Surat in the A ndam an Sea group. 
From  the clonal genotype frequencies it can be seen that clone A is dom inant in 
the Andam an Sea area except Kedah, and clone B is dom inant in the South China 
area except for Surat. W hy should these three populations (T rat, Surat and 
Kedah) break a general pattern o f  geographic isolation. First, sam ple sizes in this 
study are small and the potential num ber o f genotypes in any population is quite 
high, diversity about 4.67% . T his could result in sampling error so  that some 
genotypes m ay be m issed, e.g. Satun 92-93 samples. Larger sam ple sizes would 
be required to ensure that all possible haplotypes are obtained from  each site. 
Second, the populations being analysed are disturbed and may not be typical o f 
the area. This is unlikely to be the case for Kedah as this is a relatively 
underdeveloped area and little o r no prawn farming. However Surat is the center 
o f prawn farm ing in the G ulf and local population may well contain  many farm 
escapees and recruits Irom enhancem ents. Many of the broodstock used in this 
area come from  the Andam an Sea. Third, selection operating to m aintain  these 
differences, som e haplotypes m ay be selective control. Finally, th e  majority o f
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P. monodon that a re  im ported are fem ales and any effects o f farm ing are m ore 
likely to show up in  the m aternally inherited m tD N A  than at the allozym e level.

The conclusion o f the present study that the Andaman Sea populations and 
South China Sea populations o f P. monodon  could be effectively genetically 
isolated has been found  by Benzie et al. (1993) in Australia and postulated by 
Bouchon et al. (1994) in their study. As m ention in chapter 2 the differentiation 
today is depended o n  the form er separation o f  P. monodon  population since the 
Quaternary Glacial Period (Dali et al., 1990). Because sea levels w ere lower than 
today, the M alaysian  land m ass acted as reproductive barrier giving a very 
different pattern o f gene flow than w e see today. O ther exam ples o f  reproductive 
barriers caused by the form ation o f land bridges were either by falling o f sea 
levels (Bassian Isthm us; G allow ay and Kem p, 1981) or rising o f  continents 
(Isthmus of Panam a; Vawter et al., 1980). T he clones A and B appear to have 
been separated abou t 5x10* year ago w ould this correspond w ith  the above 
assumption. As the fact that many m arine fishes and invertebrates have immense 
dispersal capabilities at some stages of life cycle (Burton, 1983; Avise, 1985; 
Ovendon 1990). Subsequently, by the trem endous dispersal ability o f P. 
monodon  w ithin tw o  areas the present study therefore showed highly polym orphic 
o f mtDNA genotypes in all populations. However, it can be seen that gene flow 
has been insufficient to produce genetic hom ogeneity in P. monodon, genetic 
differentiation betw een  two areas therefore still exist.



C H A PTER  4

GENERAL DISCUSSION
&

CONCLUSION
The allozym e data suggested that there were at least 3 partially isolated 

populations of P. monodon  in SE A sia, i.e. Phuket, Satun, Kedah and Aceh 
within Andam an S ea  area; North Java and South Java; Surat Thani and Dungun 
in the east o f M alaysian Peninsula. T he Trat population does show significant 
differences from the East M alaysian populations but the hydrological inform ation 
suggests that may be it should be part o f the same grouping. Certainly the 
Northern part o f the G ulf o f Thailand is isolated from the m ain m onsoonal wind 
driven sytems, and populations entrained within this gyre m ay rem ain isolated 
from others in the South China Sea.

The G ulf o f Thailand is the origin o f the Thai prawn farm ing industry and 
its natural fisheries have been heavily exploited in recent years. This has 
undoubtedly had an effect on the population structure of the local prawn species. 
In response to the demands o f fisherm en the D epartm ent o f Fisheries has 
extensively restocked the G ulf o f Thailand with larval prawns, over 30 millions 
per year. Many o f  these broodstock werecollected from the relatively healthy 
Andaman Sea populations. The rapid and uncontrolled expansion o f the prawn
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farm ing industry and the often turbulent w eather patterns in this part o f  the w orld 
have resulted in long term chronic escapes an d  catastrophic releases associated 
w ith floods etc. It would be impossible to im agine that this level o f gene transfer 
has not had som e im pact on the observed levels o f  genetic differentiation in 
particularly on the Surat population. The T rat area because o f its isolation and 
the ability o f  farm ers still to obtain broodstock from the gulf area to the east 
(Cam bodia), m ay be less effected by transfers com pared to the w estern shore o f 
the Gulf; even though the current patterns in th is  area w ould suggest that m ixing 
in inevitable.

It is a pity that we do not have exam ples of praw ns from the A ndam an 
Sea and G ulf o f Thailand prior to the farming activities. This material m ay show 
m arker alleles or RFLPs characteristic o f these areas which m ight enable us to 
estim ate the possible levels o f introgression. The overall picture is that o f an 
A ndam an Sea population isolated from the South C hina Sea by the M alacca 
straits. Today most o f the gene flow is probably from the Andam an Sea to the 
G ulf o f Thailand because o f restocking and farm ing. The South C hina Sea 
populations appear to be fairly homogeneous from  Java to the G ulf o f Thailand. 
This is not surprising because o f the strong reversible w ind generated currents 
through this area which could result in considerable dispersion from  any 
spaw ning area in any direction depending on the time o f spawning.

T he Kenya and the Philippine populations appear to be well separated 
from the o ther populations studied here on th e  basis o f their genetic differences 
which is probably related to the historic isolation patterns associated w ith sea
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level changes during the last glaciation and their geographic rem oteness to 
Thailand, M alaysia and Indonesia.

T he m tDNA data divides the P. monodon  populations studied into two 
main groups: the A ndam an Sea and the South C hina Sea populations. The 
differences between these areas w ere probably m ore obvious using this technique 
as shown by the various dendrogram s. The small sam ple sizes make some o f  the 
individual enzym e data suspect but the discovery o f tw o main clonal lineages A 
& B and their dom inant haplotypes AAAB (I) & BACA (VII) and their 
predom inance in the tw o sea areas is very clear. O nce again we have the 
problem  o f  a disturbed population structure but presum ably this is mostly in one 
direction from  Andam an Sea to South China Sea. Looking at the distribution of 
these two clones, in all A ndam an Sea populations apart from Kedah the A clone 
predom inates and in all South C hina Sea populations apart from Surat th e  B 
clone predom inates even in the Philippines. The estim ated time o f divergence 
between these clones is about 0.1-0.2 million years b.p. would suggest that the 
population had been isolated into tw o main groups one in the west and the o ther 
in the east and w hat w e see today is a result o f secondary mixing between these 
isolates as sea levels rose and new areas where recolonized. The level o f m ixing 
being determ ined by the prevailing current patterns o r the order in w hich the 
stocks began to com bine. Today the Andaman Sea and South China S ea are 
joined by the M alacca straits w hich is narrow and has a NW current pattern 
throughout the year. So any m ixing will be from South to North.
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T he m ore clear cut differences we see using mtDNA is related to th e  

m aternal clonal inheritance. The original clones remaining intact and not being  
recom bined as in the case o f the nuclear genom e. It would be interesting to  
obtain m ore populations from  the west to see whether the A clone becomes m ore 
frequent. It is a pity that the  Kenya sam ples could not be used as this might have 
given som e indication of the extent o f any secondary mixing. The finding o f  
Benzie e t al. (1993) in A ustralian penaeid and those in this study suggest that sea  
level changes associated w ith  glaciation have had as much effect on population 
divergence.

T he transfer o f stocks between areas without consideration of the genetic 
attributes of the donor stock and indigenous populations in the areas o f  
introduction could be harm ful. Hybridization between stocks has occasionally 
been proposed as a m eans o f increasing genetic variation and production 
characteristics o f natural populations (Ihssen, 1976; Ovendon, 1990). In 1978, 
M oav e t id. proposed for "genetic improvement" of wild fish populations w hich 
had suffered from "genetic deterioration" could be improved then by breeding 
with pollution-resistant genotypes. But m ost geneticists think that it is a m odel 
for the loss o f genetic diversity, as Nelson & Soule (1986) stressed that it there 
exist coadapted groups o f genes within each subpopulation, com bination m ay 
result in  the breakup o f the adaptedness o f each subpopulation to its environm ent. 
This can  be seen in a case in which m innow s introduced to hybridize with bait 
{Gala oreniti) and seem ed to  supplant an apparently less well adapted native chub  
{Gala mojavensi.s) {Hubbs, 1955 cited by W aldm an and W irgin, 1994). O vendon 
et al. (1988) also com m ented that introduced Gadopsis m armoratus in southern
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Tasm ania has com plicated the resolution o f evolution in the species. Exam ining 
stocked populations from know n origins, B illington et al. (1992) confirm ed that 
such populations show sim ilar proportions o f  m tDNA haplotypes as the ir source 
populations. The genetic im plications of introduced fishes on native species have 
been well docum ented by Ferguson (1990). He concluded that the introduction 
o f alien fish can destroy the genetics and adaptation of local populations

The present results suggest the giant tiger prawn P. m onodon  m ay have a 
more structured population than  has been thought. It is cleare that geographic 
structuring o f the breeding populations o f P. monodon  exists in the w ild. As yet 
no com parative testing on the genetic differences between these stocks has been 
undertake. The present preference for Andam an Sea prawns for aquaculture may 
be because o f environm entally induced traits such as size and fecundity but this 
study clearly shows that we have two different stocks which have a reasonable 
large degree o f isolation. Com m ercial preference may well be related to 
underlying genetic differences. Such genetic stocks are the fundam ental 
reproductive units o f species and require fisheries m anagem ent policies taking 
this population structuring in to  account. There is a conflict in the use and 
managem ent o f natural resources leading to overexploitation o f w ild stocks, 
especially for broodstock, and a trade which results the m ovem ent o f P. monodon  
broodstock and larvae all o ver SE Asia. This com plex problem  requires 
concerted efforts from intergovernm ent organizations to define and im plem ent 
policies on the conservation o f  these natural resources. The m anagem ent o f P. 
monodon should be based on each population and therefore should be harvested 
and treated separately in research  as well as m anagem ent policy. R yder et al.
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(1981) also suggested that restoration o f the form er ecosystem  should be the aim 
of rehabilitation, not the  developm ent o f stocks that can survive under the current 
degraded environm ent. The m anagem ent practices on fish populations can be 
exam ined by  the use o f  genetically marked fish. A num ber o f studies have begun 
assessm ent o f  allozym e variation and m tD N A  variation and found variation 
between both  wild and  hatcheries stocks in allozyme studies (Sbordoni et a i ,  
1987) and m tD N A  studies (Gyllensten and W ilson, 1987; Palva and Palva, 1987; 
Grew e and H ebert, 1988; Hynes et al., 1989; Palva et al., 1989; D anzm ann et a l ,  
1993; Ferguson et al., 1993).

In the present study although we found low level o f allozym e variation the 
data show ed evidence o f geographic structuring o f the P. m onodon  breeding 
population. U nfortunately no stock diagnostic allozyme m arkers are available in 
the species which lim its its usefulness in stock assessm ent, pedigreeing and 
selection program s. However, this technique is practically suited to population 
studies: it is relatively easy and inexpensive technique, it is a fairly rapid 
procedure to  perform  on a large scale, and a number of loci can be screened 
sim ultaneously. A llozym e electrophoresis therefore rem ains an im portant tool 
and becom es the first m ethod for studying and understanding population genetic 
structure o f  such a species, but not the technique o f choice fo r prawns because 
of the low levels of variation. In the m tD N A  study, there w as no occurrence of 
distinct m tD N A  genotypes population structure in P. m onodon. This m ight be 
the case fo r the species as there is no obvious barrier w ithin the area being 
studied and their high larval dispersal capabilities m aking the species 
hom ogeneous over large geographic areas. Detection of dom inant haplotypies in
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Andam an Sea and  South China Sea populations suggested mtDNA divergence 
between two areas. It m ay be possible by using larger sam ple sizes and m ore 
enzym es to detect greater structure with this species. M oreover, there are new 
DNA-level research techniques w ith greater impact for detecting polym orphism s, 
i.e. DNA fingerprinting (Jefferies et a l ,  1985) and P C R  (polym erase chain 
reaction) technique (Saiki et a l ,  1988). The former reveals enorm ous variability 
in a w ide range o f organism s but it is difficult to determ ine which bands in a 
DNA fingerprint are allelic (Park and Moran, 1994). Therefore we can not 
evaluate H ardy-W einberg equilibrium making it less pow erful than allozym es 
detection for breeding structure studies. Lynch (1989) also com m ented that 
m ultiple-site V N TRs (variable number tandem repeat) cannot be used to 
determ ine degree o f relatedness beyond parent-offspring, and cannot be used to 
m easure the level o f inbreeding. The PCR technique for enzym atic am plification 
o f specific D N A  sequences has a number of advantages: it is very rapid, it can 
utilize tiny quantities o f tissue (Beckenbach, 1991; P ark  and M oran, 1994). 
However, PCR assays require sequence information (prim ers) which is presently 
not available in P. monodon  and takes time to produce. How ever, it appears that 
the high levels o f genetic variability that can be detected  particularly using 
m icrosatellite V N T R ’S may be a very powerful tool fo r resolving population 
structure and even monitoring the structure in farmed populations.



References
A breu-G robois, F.A. (1986) A review o f the genetics of Artem ia. Second  

In terna tiona l Symposium on  the Brine Shrim p A rtem ia. Antwerp, Belgium .
A ebersold, P.B., W inans, G.A., Teel, D.J., M ilner, G.B. and Utter, F.M . (1987) 

M anual for starch gel electrophoresis: a m ethod for the detection o f  
g en e tic  variation. NOAA Tech. Rep. N M F S  61, 19 pp.

A llendorf, F.W . and Phelps, S.R. (1980) Loss o f  genetic variation in a hatchery 
s to ck  o f cutthroat trout. Trans Am. Fish. Soc. 109, 537-543.

A llendorf, F.W ., Ryman, N. and Utter, F. (1987) Genetics and fishery 
m anagem ent: past, present, and future. In Ryman, N. and Utter, F., eds. 
P opula tion  G enetics & Fisheries M anagement. Seattle: Univ. W ashington 
P ress, pp. 1-20.

Apud, F ., Prim avera, J.H. and Torres, P.L. (1983) Farm ing o f Prawns and 
Shrim ps. Extention M anual No. 5. Aqua. Dep., Iloilo, Philippines, 67 pp.

Aquacop. (1977) Reproduction in captivity and growth o f Penaeus m onodon  
Fabric ius in Polynesia. Proc. World M aricul. Soc. 8, 927-945.

A quaculture D igest. (1991) W orld Shrimp Farm ing. Sandiego, 39 pp.
A quaculture D igest. (1995) W orld Shrimp Farm ing. Sandiego, 53 pp.
Ausubel, F .M ., Brent, R., K ingston, R.E., M oore, D.D., Seidman, J.G., Sm ith, 

J .A . and Struhl, K. (eds) (1993) Current Protocols in M olecular Biology. 
N ew  York: W iley.

Avise, J .C . (1974) Systematic value o f electrophoretic data. Syst. Zool. 23, 465- 
481 .

Avise, J .C . (1985) Identification and interpretation o f m itochondrial DNA stocks 
in  m arine species. In K um pf, H.E., V aught, R.N., Grim es, C.B., Johnson 
A .G . and Nakamura, E .L ., eds. Proc. .^tock Identification W orLdiop. 
P anam a City, FL: U.S. N ati. Oceanogr. Atmos. Adm in., pp. 105-136.

Avise, J .C . and Lansm an, R. (1983) Polym orphism  of m itochondrial DNA in 
populations of higher anim als. In Nei, M . and Koehn, R.K., ed. Evolution  
o f  G enes and  Proteins. Sunderland, M A: Sinauer, pp. 147-164.



198
A vise, J .C ., Lansman, R. and Shade, R.O. (1979) The use of restriction 

endonucleases to m easure m itocondrial D N A  sequence relatedness in 
natural populations. I. Population structure and evolution in the genus 
Perom ycus. Genetics 92, 279-295.

A vise, J.C ., Arnold, J., Ball, R .M ., Bermingham, E., Lamb, T., Neigel, J.E., Reeb,
C .A . and Saunders, N .C . (1987) Intraspecific phylogeography: The 
m itochondrial DNA bridge between population genetics and systematics. 
Annu. Rev. Ecol. Syst. 18, 489-522.

Ayala, F .J., Powell, J.R., Tracey, M.L., M ourao, C .A . and Perez-Salas, S. (1972) 
E nzym e variability in the Drosophila willistoni group. IV. Genetic 
variation in natural populations o f D rosophila willistoni. Genetics 70, 113- 
139.

Bate, C .S. (1888) Report o f scientific result o f the exploring voyage o f H.M.S. 
C hallenger during the years 1873-1876. Sci. Res. "Challenger" 24, 250- 
252.

Battaglia, B. and Beardmore, J.A . (1978) M arine Organisms: Genetics, Ecology, 
an d  Evolution. New York: Plenum Press.

Battaglia, B. Bisol, P.M. and Fava, G. (1978) G enetic variability in relation to 
environm ent in some m arine invertebrates. In Battaglia, B. and Beardmore 
J.A ., eds. M arine Organism, Genetics, E cology and Evolution. New York: 
Plenum  Press, pp. 53-70.

Batuecas, B., Garesse, R., Calleja, M., V aiverde, J.R. and Marco, R. (1988) 
G enom e organization o f Artem ia  m itochondrial DNA. Nucl. Acids Res. 16, 
6515.

B averstock, P.R. and Moritz, C. (1990) Sam pling design. In Hillis, D. and 
M oritz, C., eds. M olecular Systematics. Sunderland, MA: Sinauer, pp. 45- 
126.

B eckenbach, A.T. (1991) Rapid mtDNA sequence analysis o f fish populations 
using the polymerase chain reaction (PCR). Can. J. Fish Aquat. Sci. 48 
(S u p p l. 1), 95-98

Benson, P.G. and Smith, P.J. (1989) A manual o f techniques for electrophoretic 
analysis o f fish and shellfish tissues. N. Z. Fish. Tech. Rep. No. 13.



199
B enzie, Bailment, E. and Frusher, S. (1993) Genetic structure o f Penaeus

monodon  in Australia: concordant results from m tD N A  and allozymes. 
Aquaculture  111, 89-93.

B enzie, J.A .H., Frusher, S. and Bailment, E . (1992) G eographical variation in 
allozym e frequencies o f populations o f Penaeus m onodon  (Crustacea: 
Decapoda) in Australia. Aust. J. M ar. Freshwat. Res. 43, 715-725.

B erglund, A.M . and Lagercrantz, U. (1983) G enetic differentiation in populations 
of two Palaemon prawn species at the Atlantic east coast: dose gene flow 
prevent local adaptation. Mar. Biol. 77 , 49-57.

B erm ingham , E. (1990) M itochondrial DNA and the Analysis o f Fish Population 
Structure. In W hitmore, D.H., ed. Electrophoretic and Isoelectric  Focusing  
Techniques in Fisheries M anagem ent. Boca Raton: CRC Press, pp. 173- 
196

B em atchez, L. and Dodson, J.J. (1990) A llopatric origin o f sym patric populations 
o f lake whitefish {Coregonus clupesform is) in the A llegash Basin, 
Northern Maine. Evolution  44, 1263-1271.

B illington, N. and Hebert, P.D.N. (1991) M itochondrial DNA diversity o f fishes 
and its im plications for introductions. Can. J. Fish. Aquat. Sci. 48 (Suppl. 
1), 80-94.

B illington, N., Barrette, R.J. and Hebert, P .D .N . (1992) M anagem ent im plications 
o f m itochondrial DNA variation in walleye stocks. N. Am . J. Fish. 
Manage. 12, 276.

B low er, J.G., Cook, L.M. and Bishop, J.A. (1981) Estimating the S ize o f  Anim al 
Populations. London: George Allen and Unwin. 128 pp.

B 0g-H ansen, T.C. (1990) Protein electrophoresis. In Hames, B. D. and Rickwood,
D., eds. Gel electrophoresis o f  proteins: a practical approach. Oxford: 
IRL Press, pp.

B ouchon, D., Souty-Grosset, C. and Raim ond, R. (1994) M itochondrial DNA 
variation and markers o f species identity  in two penaeid shrim p species: 
Penaeus monodon  Fabricius and P. japón icas Bate. A quaculture  127, 131- 
144.



200

Bowen, S.T., Fogarino, E.A., H itchner, K.N., Dana, G.L., C how , V.H.S., 
Buoncristiani, M .R. and Carl, J.R . (1985) Ecological isolation in Artemia: 
Population differences in tolerance o f anion concentrations. J. Crust. Biol. 
5, 106-129.

Brasher, D.J., Ovendon, J.R. and W hite, R.W .G. (1992) M itohcondrial variation 
and phylogenetic relationships o f Jasus spp. (Decapod: Palinuridae). J. 
Zool. Lond  227, 1-16.

Brasher, D.J., O vendon, J.R., Booth, J.D. and W hite, R.W.G. (1992) Genetic 
subdivision o f Australian and N ew  Zealand populations o f Jesus verreauxi 
(Decapoda: Palinuridae)-prelim inary evidence from the m itochondrial 
genom e. N. Zea. J. Freshwat. Res. 26, 53-58.

Brewer, G.J. (1970) An Introduction to Isozym e Techniques. New York: 
A cadem ic Press.

Brown, W .M . (1980) Polym orphism  in mitochondrial DNA o f  humans as 
revealed by restriction endonuclease analysis. Proc. Nati. A cad. Sci. USA 
77, 3605-3609.

Brown, W.M. (1983) Evolution o f anim al mitochondrial DNA. In Nei, M. and 
Koehn, R. K., eds. Evolution o f  Genes and and  Proteins. Sunderland, MA: 
Sinauer, pp. 62-88.

Brown, W .M ., G eorge, M. and W ilson, A.C. (1979) Rapid evolution o f animal 
m itochondrial DNA. Proc. Nati. Acad. Sci. USA 76, 1967-1971.

Brown, W .M ., Prager, E.M ., W ang, A. and W ilson, A.C. (1982) M itochondrial 
DNA sequences o f primates: Tem po and m ode of evolution. J. Mol. Evol. 
18, 225-239.

Browne, R.A. (1980) Reproductive pattern and m ode in the brine shrim p. Ecology 
61, 466-470.

Browne, R.A. (1983) D ivergence o f  dem ographic and reproductive variables over 
25 years in laboratory and naturnal populations o f the brine shrimp 
Artemia. Crustaceana  45, 164-168.

Bucklin, D. and Kann, L. (1991) M itochondrial DNA variation o f  copepods- 
m arkers o f species identity. Biol. Bull., 181, 357.

Burton, R.S. (1983) Protein polym orphism s and genetic differentiation o f m arine 
invertebrate populations. M arine Biology Letters 4, 193-206.



201

Burton, R.S. and Feldm an, M .W . (1982) Population genetics o f  coastal and 
estuarine invertebrates: Does larval behavior influence population 
structure?. In  Kennedy, V .S., ed. Estuarine Comparisons. New Y ork: 
A cadem ic Press, pp. 537-551.

Buth, D. (1990) G enetic principles and the interpretation o f electrophoretic data. 
In W hitm ore, D.H., ed. Electrophoretic and Isoelectric Focusing  
Techniques in Fisheries M anagement. Boca Raton: CRC Press, pp. 1-21.

Carvalho, G .R. (1993) Evolutionary aspects o f fish distributions: genetic 
variability and adaptation. J. Fish. Biol. 43 (suppl. A), 53-73.

Carvalho, G.R. and Hauser, H.D. (1994) M olecular genetics and the stock 
concept in fisheries. Rev. FLsh Biol. Fish. 4, 326-350.

Chapm an, R.W . and Brown, B.L. (1989) Two methods to detect D N A  fragm ents 
produced by restriction enzym es. Anal. Biochem. 177, 199-202.

Chapm an, R.W . and Brown, B.L. (1990) M itochondrial DNA Isolation M ethods. 
In W hitm ore, D.H., ed. Electrophoretic and Isoelectric Focusing  
Techniques in Fisheries M anagement. Boca Raton: CRC Press, pp. 107- 
130.

Chapm an, R.W . and Powers, D.A. (1984) A method for a rapid isolation o f  
m itochondrial DNA from fishs. Tech. Rep. U M -SG -TS-84-05. M aryland: 
M aryland Sea G rant Program .

Chen, H.P. (1977) Report on m aturation o f Penaeus monodon  Fabricius in 
captivity by eyestalk ablation and subsequent spawning and production o f  
juveniles. C hina Fish. M onthly  294, 3-7.

Chen, L.C. (1990) Aquaculture in Taiwan. Fishing News Books.
Cheung, J.H . (1960) A key to the identification o f Hong Kong penaeid praw ns 

with com m ents on points o f system atic interest. Hong K ong Univ. Fish. 
J. 3, 61-69.

Chotikun, S., Phadejphai, K. and Na-Bangchang, S. (1987) Com parison on  
maturation o f Penaeus m onodon  Fabricius between culture ponds and the 
marine. Tech. Rep. 25/30. Rayong Brackish water fisheries Station, 
Rayong, Thailand, 17 pp. In Thai.



202

Chow, S., Fujio , Y. (1985) Population genetics o f the palaem onid shrimps 
(D ecapod: Crustacea) I. Genetic variability and differentiation o f  local 
populations. Tohuku J. Agr. Res. 36, 93-108.

Clark, C.W . (1976) M athem atical Bioeconomics: The O ptim al M anagem ent o f  
R enew able Resources. New York: Wiley.

Cockerham , C .C . (1969) V ariance o f gene frequencies. Evolution  23, 72-84.
Cockerham , C .C . (1973) A nalyses o f  gene frequencies. Genetics 76, 679-700.
Crease, T.J., L ynch, M. and Spitze, K. (1990) Hierarchical analysis o f  population 

genetic variaiton in m itochondrial and nuclear genes o f D aphnia pulex. 
Mol. Biol. Evol. 7(5), 444-458.

Dale, W.L. (1956) W ind and drift currents in the South C hina Sea. The M alayan  
Journal o f  Tropical G eography  8, 1-31.

Dali, W. (1957) A revision o f  the Australian species o f  Penaeidae  (Crustacea 
Decapoda: Penaeidae). Aust. J. Mar. Fre.shwat. Res. 8(2), 136-231.

Dali, W., Hill, B .J., Rothlisberg, P.C. and Sharpies, D.J. (1990) The B iology o f  
the P enaeidae: A dvances in M arine Biology, Vol. 27. Sydney: Academ ic 
Press.

Danzmann, R .G ., Ferguson, M .M . and Arndt, S.K.A. (1993) M itochondrial DNA 
variability in Ontario and New York rainbow trout {O ncorhynchus mykiss). 
Can J. Zool. 71, 1923-1933.

Darwin, C. (1872) The O rigin o f  Species. 6th ed. New York: New American 
Library o f  W orld Literature.

Dore, I. and Frim odt, C. (1987) An Illustrated Guide to  Shrimp o f  the World. 
H untington, NY: O sprey Books. 229 pp.

Dowling, T.E., M oritz, C. and  Palmer, J.D. (1990) Nucleic acids II: restriction 
site analysis. In W hitm ore, D.H., ed. Electrophoretic and Isoelectric  
Focusing Techniques in Fisheries M anagement. B oca Raton: C R C  Press, 
pp. 250-317.

Edwards, C.A. an d  Skibinski, D.O.F. (1987) Genetic variation o f m itochondrial 
DNA in m ussel (M ytilus edulis and M ytilus galloprovincialis) populations 
from South W est England and South W ales. M ar. Biol. 94, 547-556.



203
FAO (1992) A quaculture production. FAO  Fisheries C ircular No. 815 Rev. 6.,

216 pp.
Feinberg, A.P. and V ogelstein, B. (1983) A technique for radiolabelling DNA 

restriction endonuclease fragm ents to high specific activity. Anal. Biochem. 
132, 6-13.

Felsenstein, J. (1984) D istance m ethods for inferring phytogenies: A justification. 
Evolution  38, 16-24.

Felsenstein, J. (1995) PH YLIP: Phylogeny Inference C om puter Package, Version 
3.5. Seattle, W A: U niv. o f W ashington.

Ferguson, A. (1980) Biochem ical System atics and Evolution. G lasgow: Blackie. 
194 pp.

Ferguson, M .M . (1990) The genetic im pact o f introduced fishes on native species. 
Can. J. Zool. 68, 1053-1057.

Ferguson, M. (1994) The role o f m olecular genetics m arkers in the m anagem ent 
o f cultured fishes. Rev. Fish Biol. Fish. 4, 351-373.

Ferris, S.D. and Berg, W .J. (1987) T he utility of m itochondrial DNA in fish 
genetics and fishery m anagem ent. In Ryman, N. and Utter, F., eds. 
Population Genetics & Fisheries M anagement. Seattle: Univ. W ashington 
Press, pp. 227-330.

Fitch, W .M . (1976) M olecular evolutionary clocks. In A yala, F.J., ed. M olecular 
Evolution. Sunderland, MA: Sinauer, pp. 189-230.

Fuchs, R. and Blakesley, R. (1983) Guide to the use o f  type II restriction 
endonucleases. M ethods in Enzym ology 100, 3-39.

Fuller, B. and Lester, L.J. (1980) Correlations of allozym ic variation with habitat 
param eters using the grass shrim p Palaemonetes pugio. Evolution  34, 
1099-1104.

Galloway, R.W . and Kem p, E.M. (1981) Late Cainozoic environm ents in 
A ustralia. In Keast, A ., ed. Ecological B iogeography o f  Australia. The 
Hague: Junk, pp. 53-80.

Glaessner, M .F. (1969) Decapod. In M oore, R.C., ed. Treatise on Invertebrate  
Palenotology, Part A , Arthopoda 4, Vol. II. G eological Society o f 
A m erica, Boulder, Colorado; Univ. o f Cansas Press.



204
Gooch, J.L. (1975) M echanism s o f evolution and population genetics. In K inne, 

O., ed. M arine Ecology, Vol. II. Lx>ndon: W iley, pp. 349-409.
Grant, W. (1984) Biochem ical population genetics of A tlantic herring. Copeia  

1984, 357-364.
Grewe, P.M . and Hebert, P.N.D. (1988) M itochondrial DNA diversity am ong 

broodstocks o f the lake trout, Salvelinus namaycush. Can. J. Fish. Aquat. 
Sci. 45 , 2144-2122.

Grey, D .L., Dali, W. and Baker, A. (1983) A G uide to the A ustra lian  Penaeid  
Praw ns. Departm ent o f Primary Production, Northern T erritory, A ustralia.

G ross-B ellard, M., Oudet, P. and Chapman, P. (1972) Isolation o f  high-m olecular 
w eight DNA from  m am m alian cells. Eur. J. Biochem. 37, 32-38.

G uillem ette, J.G. and Lewis, P.N. (1983) D etection o f subnanogram  quantities o f 
D N A  and RNA on native and denaturing polyacrylam ide and agarose gels 
by silver staining. Electrophoresis 4, 92-94.

G ulland, U. (1983) Fish Stock Assessment: A  M anual o f  Basic M ethods. 
C hichester: FAOAViley. '123 PP.

Gyllensten, U. (1985) The genetic structure o f fish: differences in the intraspecific 
distribution o f biochem ical variation betw een marine, anadrom ous, and 
freshw ater species. J. Fish Biol. 26, 691-699.

Gyllensten, U. and W ilson, A.C. (1987) M itochondrial DNA o f salm onids: inter- 
and intraspecific variability detected with restriction enzym es. In Rym an, 
N. and Utter, F., eds. Population G enetics & Fisheries M anagem ent. 
Seattle: Univ. W ashington Press, pp. 301-317.

Hall, D .N .F. (1956) The M alayan Penaeidae (Crustacea, D ecapod). Part 1. 
Introduction notes on the species o f the genera Solenocera, P enaeus  and 
M etapenaeus. Bull. Raffles Mus. 27, 68-90.

Hall, D .N .F. (1961) The M alayan Penaeidae (Crustacea: D ecapod). Part 11. 
Further taxonom ies notes on the M alayan species. Bull. R affles M us. 26, 
76-199.

Hall, D .N.F. (1962) O bservations on the taxonom y and biology o f som e Indo- 
W est Pacifies Penaeidae (Crustacea: D ecapoda). Colon off. Fish. Pub. 
Land. 52(9), 1051-1057.



205
H ardy , G.H. (1908) M endelian proportions in a m ixed p>opulation. Science  28, 49- 

56.
H arris, H. (1966) E nzym e polym orphism  in man. Proc. Ray. Soc. London Ser. B  

164, 298-310.
H arris, H. and H opkinson, D.A. (1976) H andbook o f  Enzyme Electrophoresis in 

Human G enetics. North-Holland: A m sterdam .
H arris, H.E.G., D illion, R.T., Sandifer, P.A. and Lester, L.J. (1988) 

Electrophoresis o f  isozymes in culture Penaeus vannamei. Proc. third  
Inter. Symp. Gen. Aqua. Norway: Torondheim .

H artl, D.L. (1980) Principles o f  Population Genetics. Sunderland, MA: Sinauer.
H artl, D.L. (1988) A P rim er o f  Population Genetics. 2nd ed. Sunderland, MA: 

Sinauer.
H artl, D.L. and Clark, A. (1989) Principles o f  Population G enetics. 2nd ed. 

Sunderland, M A : Sinauer.
H ausw irth, W .W ., L im , L.O., Dujon, B. and Turner, G. (1987) M ethods for 

studying the genetics o f mitochondria. In Darley-Usm ar, V .M ., Rickwood, 
D. and W ilson, M .T., eds. M itochondria: A  Practical Approach. Oxford: 
IRL Press, pp. 171-244.

H edgecock, D. (1982) Genetic consequence o f larval retention: theoretical and 
methodological aspects. In Kennedy, V .S., ed. Estuarine Comparisions. 
New York: A cadem ic Press, pp. 553-568.

Hedgecock, D. (1986) Population genetics bases for im proving cultured 
crustaceans. P a p er presented at the EIFAC/FAO  Sym posium  on Selection, 
Hybridization a n d  Genetic Enftineerin^ in Aquaculture o f  Fish and  
Shellfish fo r  Consum ption and Stocking. Bordeaux, France.

H edgecock, D., Tracey, M.L. and Nelson, K. (1982) Genetics. In Abele, L. G., 
cd. The Biology o f  Cru.stacea. New York: Academic Press, pp. 284-403.

H edgecock, D., S telm ach, D.J., Nelson, K., Lindenfelser, M.E. and M alecha, S.R. 
(1979) Genetic divergence and biogegraphy o f natural populations of 
M acrobrachium rosenbergii. Proc. W orld Maricult. Soc. 10, 873-879.

H illis, D.M. (1984) M isuse and modification o f N e i’s genetic distance. Syst. Zool. 
33, 238-240.



206
H illis, D.M ., Larson, A., Davis, S.K. and Z im m er, E.A. (1990) Nucleic acids: 

Sequencing. In W hitm ore, D.H., ed. Electrophoretic and Isoelectric  
Focusing Techniques in Fisheries M anagem ent. Boca Raton: CRC Press, 
pp. 318-370.

H inder, K., R ym an, N. and Utter, F. (1991) G enetic effects of cultured fish on  
natural fish  populations. Can. J. Fish. Aquat. Sci. 48, 945-957.

H olm , S. (1979) A  sim ple sequentially rejective multiple test procedure. Scand. 
J. Stat. 6, 65-70.

H olthius, L.B. (1949) T he identity o f  P. m onodon  Pabr. Proc. Acad. Sci., 
A m sterdam , 52, 1-8.

H olthuis, L.B. (1980) Shrim ps and prawns o f the world: an annotated catalogue 
o f  species o f  interest o f fisheries. FAO  Species Catalogue, Vol. J., 271 pp.

Holthuis, L.B. and  Rosa, H.J. (1965) List o f species o f shrimps and prawns o f  
econom ic value. Rom e: FAO, 21 pp.

H unter, R.L. and M arkert, C.L. (1957) H istochem ical dem onstration o f enzym es 
separated by zone electrophoresis in starch gels. Science  125, 1294-1295.

Hutchinson, C .A ., N ew bold, J.E., Potter, S.S. and  Edgell, M.H. (1974) M aternal 
inheritance of m am m alian m itochondrial DNA. Nature 251, 536-538.

Hynes, R.A., D uke, E.J. and Joyce, P. (1989) M itochondrial DNA as a genetic 
m arker for brow n trout, Salmo trutta L., populations. J. Fish Biol. 35, 387- 
701.

Ihssen, P. (1976) Selective breeding and hybridization in fisheries m anagem ent. 
J. Fish. Res. Board Can. 33, 316-321.

lU B N C  (International U nion o f Biochemistry. N om enclature Com m ittee) (1984) 
Enzyme N om enclature. Orlando, FL: Academ ic Press.

Jefferies, A.J., W ilson, V. and Thein, S.L. (1985) Individual specific ’fingerprints’ 
o f hum an D NA. Nature  316, 76-79.

Jones, C.S., Tegelstrom , H., Latchman, D.S. and Berry, R.J. (1988) An im proved 
rapid m ethod for m itochondrial DNA isolation suitable for use in the study 
o f closely related populations. Biochem. Genet. 26, 83-88.



207
King, R.C. and Stansfield, W .D . (1985) A  Dictionary o f  G enetics. 3rd ed. Ney 

York, Oxford Univ. P res.
Ko, G .L., Pasteur, N., B onhom m e, F, Aquacop, Seafdec and Liao, D. (1983) 

V ariabilité genetiques especes de crevettes penaeides d ’interet aquicole. 
IFREM ER. Actes De Colloques N. 1, M ontpellier: Base Biologiques De 
l ’aquaculture, pages 175-180. In French.

Komm, B., M ichales, A., Tsokos, J. and Linton, J. (1982) Isolation and 
characterization o f th e  mitochondrial DNA from  the spiny lobster 
Panulirus argus. Comp. Biochem. Physiol. 73B(4), 923-929.

Kongkeo, H. (1989) Farm m anagem ent and techniques o f m arine shrim p culture 
in Thailand. In Proc. Southeast A sia  Shrimp Farm M anagem ent Workshop, 
Singapore. 26 July-11 August 1989. Sigapore: Am erican Soybean 
Association, pp. 127-133.

Kreps, C.J. (1972) Ecology: The Experimental A nalysis o f  Distribution and  
Abundance. New Y ork: Harper and Row. 694 pp.

Kubo, I. (1949) Studies on the  penaeids o f Japanese and its adjacent waters. J.
' Tokyo Coll. Fish. 36(1), 1-467.

Kungvankij, P., Sanpakdee, S. and Chirastit, C. (1973a) O bservation on the 
spawning season o f th ree  economically im portant species of shrim ps from 
the Indian Ocean coast of Thailand, estim ated from  gonad index. Fish. 
Contribution No. 4. Phuket M arine Fisheries Station, Phuket, Thailand, 8
pp.

Kungvankij, P., Dangsakul, S ., Sanpakdee, S. and C hirastit, C. (1973b) A survey 
of the distribution and abundance o f economically im portant shrim ps along 
the Indian Ocean coast o f Thailand. Fish. Contribution No. 3. Phuket 
M arine Fisheries Station, Phuket, Thailand, 9 pp.

Kutkuhn, J.F. (1966) The ro le  of estuaries in the developm ent and perpetuation 
o f commercial shrim p resources. Am. Fish. Soc, Special Publication  3, 16- 
36.

Lansman, R.A., Avise, J.C. and  Huettel, M.D. (1983) C ritical experim ent test of 
the possibility of "paternal leakage" of m itochondrial DNA. Proc. Natl. 
Acad. Sci. USA 80, 1969-1971.



208
Lansm an, R .A ., Shade, R.O., Shapira, J.F . and A vise, J.C. (1981) The use o f 

restriction endonuclease to m easure m itochondrial D N A  sequence 
relatedness in natural p>opulations. III. T echniques and potential 
applications. J. Mol. Evol. 17, 214-226.

Larkin, P.A . (1981) A perspective on  population genetics and salm on 
m anagem ent. Can. J. Fish. Aquat. Sci. 38, 1469-1475.

Lavery, S. and  Staples, D. (1990) Use o f  allozyme elecrophresis for identifying 
two species o f penaeid prawn postlarvae. Aust. J. M ar. Freshwat. Res. 41, 
259-266.

Law rence, E. (1989) H enderson’s D ictionary o f  B iological Terms. 10th ed. Essex: 
Longm an Group.

Lester, L.J. (1979) Population genetics o f penaeid shrim p from  the G ulf o f 
M exico. J. H eredity  70, 175-180.

Lester, L.J. (1983) Developing a selective breeding program  for penaeid shrim p 
m ariculture. Aquaculture  33, 51-60.

Levene, H. (1949) On a matching problem  arising in genetics. Ann. Math. Stat 
20, 91-94.

Levinton, J.S. (1980) Genetic divergence in estuarine. In Kennedy, V.S., ed. 
Estuarine Perspectives. New York: Academic Press, pp. 509-520.

Levinton, J.S . (1982) M arine Ecology. Englewood C liffs, New Jersey: Prentice- 
Hall.

Lewontin, R .C . (1974) The Genetic Basis o f  Evolutionary Change. New York: 
C olum bia Univ. Press.

Lewontin, R .C . and Hubby, J. (1966) A m olecular approach to the study o f genic 
heterozygosity in natural populations. 11. A m ounts o f variation and degree 
o f o f heterozygosity in natural populations o f Dro.sophila pseudoohscura. 
G enetics  54, 595-609.

Li, C.C. and Horvitz, D.G. (1953) Some methods o f estim ating the inbreeding 
coefficient. Am. J. Hum. Gen. 5, 107-117

Lynch, M. (1988) Estim ation o f relatedness by DNA fingerprinting. Mol. Biol. 
Evol. 5, 584-599.



209
M aniatis, T., Fristh, E.F. and Sambrook, J. (1982) M olecular Cloning: A  

Laboratory M anual. C old  Spring Harbor, NY: Cold Spring H abor Press.
M arkert, C .L . (1983) Isozym es: Conceptual history and biological significance. 

In Rattazzi, M .C., Scandalios, J.G. and Whitt, G.S., eds. Isozymes: Current 
Topics in B iology and  M edical Research, Vol. 7. M olecular Structure and  
Regulation. N ew  York: Liss, pp. 1-17.

M arkert, C .L. and M oller, F. (1959) Multiple forms o f  enzymes: Tissue, 
ontogénie, and species-specific patterns. Proc. Natl. Acad. Sci. USA 45, 
753-763.

M arvin, K .T . and Caillouet, C .W . (1976) Phosphoglucom utase polym orphism  in 
w hite  shrim p Penaeus setiferus. Comparative B iochem istry and physiology  
B 53, 127-131.

M attoccia, M., Rosa, G.L., M atthaeis, E.D., Sbordoni, V. and  Sbordoni, M.C. 
(1987) Patterns o f genetic variability and differentiation in M editeranean 
populations o f  Penaeus kerathurus (Crustacea D ecapoda). In Tiews, K., 
eds. Proc. W orld Symp. on Selection, H ybridization and Genetic 
Engineering in Aquaculture, Bordeaux, 27-30 M ay 1986. H eenem ann, 
Berlin, pp. 131-142.

May, B. and Krueger, C.C. (1990) Use of allozyme data for population analysis. 
In W hitm ore, D.H., ed. Electrophoretic and Isoelectric Focusing  
Techniques in Fisheries Management. Boca Raton: C R C  Press, pp. 157- 
172.

M cElroy, D., M oran, P., Berm ingham , E. and Komfield, I. (1991) REAP: the 
Restriction Enzym e A nalysis Package, Version 4.0. U niv . o f M ain, Maine.

M cLean, M ., Okubo, C.K. and Tracey, M.L. (1983) M tD N A  heterogeneity in 
Panulirus argus. Experientia  39, 536-538.

M enzies, R.A. and Kerrigan, J.M . (1978). Implications o f sp iny  lobster cruitm ent 
patterns o f the Caribbean-a biochemical genetic approach. Proc. Ann. G u lf 
a n d  Carih. Fish. Inst. 31, 164-178.

M oham ed, K.H. (1970) Synopsis o f biology data on the jum bo tiger prawn, 
Penaeus monodon  Fabricius, 1798. FAO Fish. Synops. No. 93, 1251-1266.



210

M onnerot, M ., Garcia, M., Dennebouy, N., Oliva, M. and M ounolou, J.C . (1992) 
M itochondrial DNA o f  Penaeus notialis and Penaeus schmitti: 
characterization , diversity and sequencing. In Abstracts, F irst European 
C rustacean Conference, p. 102.

M oritz, C ., Dowling, T.E. and Brown, W .M . (1987) Evolution o f anim al 
m itochondrial DNA: Relevance for population biology and system atics. 
A nna . Rev. Ecol. Syst. 18, 269-292.

M orizot, D .C . and Schm idt, M.E. (1990) Starch gel electrophoresis and 
histochem ical visualization o f  proteins. In W hitem ore, D .H ., ed. 
E lectrophoretic  and Isoelectric Focusing Techniques in F isheries 
M anagem ent. Boca Raton, FL: CRC Press, pp. 24-80.

M otoh, H. (1981) Studies on the fisheries biology o f the giant tiger praw n, 
P enaeus m onodon  in the Philippines. SEAFD EC  Tech. Rep. 7. 128 pp.

M otoh, H. (1986) Biology and ecology of Penaeus monodon. SEAFD EC  Aqua. 
Res. Develop. N otes Vol. 8,9.

M ulley, J .C . and Latter, B .D.H. (1980) Genetic variation and evolutionary 
relationships w ithin a group o f thirteen species o f penaeid praw ns. 
E volution  34(5), 904-16.

M ulley, J .C ., and Latter, B.D.H. (1981a) G eographic differentiation o f  eastern 
A ustra lia  penaeid praw n populations. Aust. J. Mar. Freshwat. Res. 32, 
889-895.

M ulley, J .C ., and Latter, B.D.H. (1981b) G eographic differentiation o f tropical 
A ustra lia  penaeid prawn populations. Au.st. J. Mar. Freshwat. Res. 32, 
897-906.

M urphy, R .W ., Sites J.W ., Buth, D.G. and H aulier, C.H. (1990) Protein 1: 
isozym e electrophoresis. In Hillis, D. and M oritz, C., eds. M olecular  
System atics  Sunderland, MA: Sinauer, pp. 45-126.

Nass, C .A .G . (1959) The y} lest for small expectations in contingency tables with 
specia l reference to absenteeism . Biometrika  46, 365-385.

Nei, M. (1972) Genetic distance between populations. Amer. Nat. 106, 283-92.
Nei, M. (1973) A nalysis o f gene diversity in subdivided populations. Proc. Natl. 

A cad . sci. USA 70, 3321-3.



211

Nei, M. (1975) M olecular Population G enetics and  Evolution. New York: 
A m erican Elsevier.

Nei, M. (1977) F-statistics and analysis o f gene diversity in subdivided 
populations. Annu. H um an Genet. 41, 225-33.

Nei, M. (1978) Estim ation o f  average heterozygosity and genetic distance from 
a sm all num ber o f individuals. G enetics 89, 583-90.

Nei, M. (1987) M olecular G enetic Evolution. New York: Colum bia Univ. Press.
Nei, M. and Chesser, R .K . (1983) Estim ation o f fixation indices and gene 

diversification. Annu. Human Genet. 47, 253-259.
Nei, M. and Jin, L. (1989) Variance o f the average num bers o f nucleotide 

substitions w ithin and between populations. Mol. Biol. Evol. 6 , 290-300.
Nei, M. and Li,, W .H. (1979) M athem atical model for studying genetic variation 

in terms o f restriction endonucleases. Proc. Natl. Acad. Sci. USA 76, 379- 
390.

Nei, M. and Roychoudhury, A.K. (1974) Sam pling variances o f heterozygosity 
and genetic distance. Genetics 76, 379-390.

Nei, M. and Tajim a, F. (1981) DNA polym orphism  detectable by restriction 
endonuclease. G enetics 97, 145-163.

Nei, M. and Tajim a, F. (1983) M aximum likelihood estim ation o f the num ber of 
nucleotide substitutions from restriction site data. Genetics 105, 207-217.

Nelson, K. and H edgecock, D. (1980) Enzym e polym orphism  and adaptive 
strategy in the decapod Crustacea. Amer. Nat. 116, 238-280.

Nelson, K. and Soulé, M. (1987) Genetical conservation o f exploited fishes. In 
Rym an, N. and U tter, F., eds. Population G enetics & Fisheries 
M anagem ent. Seattle: Univ. W ashington Press, pp. 345-368.

Num achi, K. (1981) A sim ple method for preservation and scanning starch gels. 
Bio. Genet. 19, 233-236.

Open U niversity (1989) O cean Circulation. England: O ceanography Courseteam, 
238 pp.



212

O vendon, J.R. (1990) M itochondrial D N A  and marine stock assessm ent: a review. 
Aust. J. Mar. Freshwat. Res. 41, 835-853.

Ovendon, J.R., W hite, R.W.G. and Sanger, A.C. (1988) Evolutionary 
relationships o f Gadopsis spp. in ferred  from restriction enzym e analysis 
o f  their m itochondrial DNA. J. F ish  Biol. 32, 137-148.

Palum bi, S.R. and W ilson, A.C. (1990) M itochondrial DNA diversity in the sea 
urchins. Evolution  44, 403-415.

Palva, T .K . and Palva, E.T. (1985) R apid  isolationof animal m otochondrial DNA 
by alkaline extraction. FEES L etters  192, 267-270.

Palva, T.K. and Palva, E.T. (1987) Restriction site polym orphism  in 
m itochondrial DNA of rainbow trout, Salmo gairdneri Richardson, stocks 
in Finland. Aquaculture  67, 283-289.

Palva, T .K ., Lehvaslaiho, H. and Palva, E .T . (1989) Identification o f anadrom ous 
and nonanadrom ous salmon stocks in Finland by m itochondrial DNA 
analysis. Aquaculture  81, 237-244.

Park, L .K . and M oran, P. (1994) A ppraisal of m olecular genetic techniques in 
fisheries. Rev. Fish Biol. Fish. 4 , 272-299.

Powell, J.R. and Zuniga, M.C. (1983) A sim plified procedure for studying 
m tD N A  polym orphism s. Biochem . Genet. 21, 1051-1055.

Prakash, S., Lewontin, R.C. & Hubby, J.L. (1969) A m olecular approach to the 
study o f genetic heterozygosity in natural populations. IV. Patterns ot 
genetic variation in central, m arginal and isolated populations of 
D rosophila p.seudoobscura. G enetics 61(4), 841-858.

Prim avera, J.H. (1978) Induced m aturation and spawning in five-m onth-old 
Penaeus inonodon Fabricius by eyestalk ablation. Aquaculture  13, 355- 
359.

Proctor, R.R., M arvin, K.T., Lansford, L.M. and Benton, R.C. (1974) 
Phosphoglucom utase polym orphism  in brown shrim p Penaeus aztecus. J. 
Fish. Res. Board Can. 31, 1405-1407.

Prom sakha, V. (1980) Distribution and  relative abundance o f Penaeus monodon  
in the G ulf o f Thailand. Annu. Rep. Mari. Fish. D ivi., Dep. o f Fisheries, 
Thailand, 20 pp.



213
Prom sakha, V. and Lx>hsawadkun, S. (1988) D istribution and relative abundance 

o f  shrim p resources in the G ulf o f Thailand. Tech. Rep. 2/1988. M an . 
Fish. D ivi., Dep. o f Fisheries, Thailand, 76 pp.

Racek, A.A. (1955) Littoral penaeidae from  New South W ales and adjacent 
Q ueensland waters. Aust. J. M ar. Freshwat. Res. 6(2), 209-241. plates 1-9.

Racek, A.A. (1957) Penaeid praw n fisheries o f Australia with special reference 
to New South W ales. New South Wales Res. Bull. No. 3 , 19 pp.

Racek, A. A. (1972) Indo-W est Pacific penaeid prawns o f com m ercial im portance. 
In Pillay, T .V .R ., ed. Indo-Pacific Fisheries Council Sym posium  on 
C oastal Aquaculture, Bangkok, 18-21 N ovem ber 1970. W est Byfleet, 
England: Fishing News Books, pp. 152-172.

Rajyalakshm i, T ., Pillai, S.M. and Ravichandran, P. (1985) The biology o f  
Penaeus m onodon  in the capture fisheries off Orissa Coast, India. In Taki, 
Y., Prim avera, J.H. and Llobrera, J.A., eds. Pro. Fir.st Inter. Confer. 
Culture P enaeid  Prawns/Shrimps, 4 -7  D ecem ber 1984, Philippines. Iloilo 
C ity, Philippines: SEA FD EC Aqua. Dep.

Redfield, J.A . and Salini, J.P. (1980) Techniques of starch gel electrophoresis o f  
penaeid prawn enzym es {Penaeus spp. and M etapenaeus spp.). Aust. 
CSIRO  Div. F ish O ceanogr Rep. NO. 116

Redfield, J.A ., Hedgecock, D., Nelson, K. and Salini, J.P . (1980) Low 
heterozygosity in tropical m arine crustaceans o f A ustralia and the trophic 
stability hypothesis. Mar. Biol. Lett. 1, 303-313.

Reeb, C .A . and A vise, J.C. (1990) A genetic discontinuity in a continuously 
distributed species: m itochondrial DNA in the A m erican oyster, 
Crassostrea virginica. G enetics 124, 397-406.

Reed, K.C. and M ann, D.A. (1985) Rapid transfer of DNA from  agarose gels to 
nylon m em branes. Nucl. A cids Res. 13, 7207-7221.

Rice, W .R. (1989) A nalyzing tables of statistical tests. Evolution  43, 223-225
Richardson, B.J. (1982) G eographic distribution of electrophoretically detected 

protein variasion in A ustralian com m ercial fishes. III. W estern King Praw n 
Penaeus latisulcatus K ishinouye. Aust. J. Mar. Freshwat. Res. 33, 933- 
931.



214
Richardson, B .J., Baverstock, P.R. and Adams, M. (1986) A llozym e  

Electrophoresis: a H andbook fo r  Anim al Systematics and P opulation  
Studies. Sydney: A cadem ic Press.

Roberts, R.J. (1984) Restriction and modification enzymes and their recognition  
sequences. Nucl. A cids Res. 12, rl67-r204.

Roff, D.A. and Bentzen, P. (1989) The statistical analysis o f m itochondrial DNA 
polym orphism s: and the problem of small samples. Mol. B io l. Evol. 6 ,
539-545.

Rogers, J.S. (1972) M easures o f  genetic similarlity and genetic d istance. Studies 
in G enetics III. Univ. Texas Publi. 7213, pp. 145-153.

Ryder, R.A., Kerr, S.R., T aylor, W.W . and Larkin, P.A. (1981) C om m unity  
consequences of fish stock diversity. Can. J. Fish. Aquat. Sei. 38 , 1856- 
1866.

Ryman, N. (1981) C onservation o f genetic resources: Experiences from  the brown 
trout (Salm o trutta). In Ryman, N., ed. Fish Gene Pools, E cological 
B ulletins Vol. 34. S tockholm , pp. 61-74.

Ryman, N. and  Stähl, G. (1981) Genetic changes in hatchery stocks o f  brown 
trouth Salm o trutta. Can J. Fish. Aquat. Sei. 37, 1-21.

Saiki, R.K., Gelfand, D.H., Scharf, S., Higuchi, R., Horn, G.T., M ullis, K.B. and 
Erlich, H.A. (1988) Prim er-directed enzymatic amplification o f  D N A  with 
a therm ostable DNA polym erase. Science 239, 478-491.

Saisithi, B. (1989) Situation o f  shrim p farming in Thailand. In Proc. Southeast 
Asia Shrim p Farm M anagem ent Workshop, Singapore, 26 Ju ly-11  Augu.st 
1989. Singapore: A m erican Soybean Association, pp. 122-126.

Salini, J. (1987) Genetic variation and population subdivision in th e  greentail 
praw n M etapenaeus bennettae  (Racek and Dali). Aust. J. M ar. Freshwat. 
Res. 38, 339-349.

Salini, J.P. and M oore, L .E. (1985) Taxonomy of the g reentail prawn 
M etapenaeus bennette  and the western school prawn M. dalli. In 
Rothlisberg, P.C., H ill, B.J. and Staples D.J., eds. Second Au.it. Nat. 
Prawn Sem. C leveland, Australia, pp. 95-103.

Sam brook, J, Fritsch, E.F. and  M aniatis, T. (1989) M olecular C loning: A 
Laboratory M anual. 2nd  ed. 3 Volumes. Cold Spring H arbor, NY: Cold 
Spring Harbor Press.



215
Saunders, N .C., K essler, L.G. and Avise, J.C. (1986) Genetic variation and 

geographic differentiation  in m itochondrial DNA o f the horseshoe crab, 
Lim ulus polyphem us. Genetics 112, 613-627.

Sbordoni, V., M atthaeis, E.D., Sbordini, M .C., Rosa, G.L. and M attoccia, M.
(1986) B ottleneck effects and the depression o f genetic variability in 
hatchery stocks o f  Penaeus japónicas  (Crustacea D ecapod). Aquaculture  
57, 239-251.

Sbordoni, V., Rosa, G .L ., M attoccia, M., Sbordoni, M .C. and M atthaeis, E.D.
(1987) G enetic changes in seven generations o f hatching stocks o f the 
Kurum a praw n Penaeus japónicas  (Crustacea Decapoda). In T iew s, K., 
eds. Proc. W orld  Symp. on Selection, H ybridization an d  Genetic 
Engineering in Aquaculture, Bordeaux, 27-30 M ay 1986. Heenem ann, 
Berlin, pp. 143-155.

Sealey, P.G. and Southern, E.M . (1990) Gel electrophoresis o f  DNA. In 
Rickwood, D. and  Hames, B.D., eds. Gel Electrophoresis o f  N ucleic  Acids. 
New York: O xford  Univ. Press, pp. 51-99.

Seed production T eam  (1984) Induced ovaries m aturation and rem aturation by 
eyestalk ablation  o f Penaeus monodon  Fab. collected from Indian Ocean 
(Phuket P rovince) and Songkhla Lake. Tech, paper No. 4/1984, National 
Institute o f C oasta l Aquaculture, Dep. o f Fisheries, Thailand, 13 pp.

Selander, R.K. (1976) G enic variation in natural populations. In A yala, F.J., ed. 
M olecular E volution . Sunderland, MA: Sinaure A ssociates, pp. 21-45.

Selander, R.K., Sm ith, M .H., Yang, S.Y., Johnson, W.E. and G entry, J.B . (1971) 
B iochem ical polym orphism  and system atics in the genus Perom ycus. I. 
V ariation in the O ld-field mouse, Peromycus polionotus. Studies in 
Genetics V I 49-90.

Shaklee, J.B. and K eenan, C.P. (1986) A practical laboratory guide to the 
techniques and  m ethodology o f electrophoresis and its application o f fish 
fillet identification. Aust. CSIRP Mar. Lab. Rep. 177, 59 pp.

Shaklee, J.B. and S alin i, J.P. (1985) Genetic variation and population subdivition 
in Australian barram undi. Lates calcalifer  (Bloch). Aust. J. M ar. Freshwat. 
Res. 36, 203-18.

Shaklee, J.B., A llendorf, F.W ., M orizot, D.C. and W hitt, G.S. (1990) Genetic 
nom enclature for protein-coding loci in fish. Trans. Am. Fish. Soc. 119, 
2-15.



216
Shaw, C.R . (1965) Electrophoretic variation in enzym es. Science  149, 936-943.
Shaw, C. R. and Prasad, R. (1970) Starch gel electrophoresis o f  enzym es - a 

com pilation o f recipes. Biochem ical G enetics 4, 297-320.
Siciliano, M .J. and Shaw , C.R. (1976) Separation and visualization o f  enzym e on 

gel. In Smith, I. ed. Chromatographic and  E lectrophoretic Techniques, 
Vol. 2. Zone Electrophoresis. 4th ed. Lx>ndon: Heinemann, pp. 185-209.

Siegel, S. (1956) N onparam etric Statistics fo r  the Behavioural Sciences. Tokyo: 
M cGraw-Hill. 312 pp.

Skibinski, D.O.F. (1994) DNA technology and genetics of aquatic invertebrates. 
In Beaumont, A .R., ed. Genetics and Evolution o f  A qua tic  Oganisms. 
London: Chapm an & Hall, pp. 177-218.

Smith, P.J. (1990) Protein electrophresis for identification o f A ustralian fish 
stocks. Aust. J. Mar. Freshwat. Res. 41, 823-33.

Sm ithies, O. (1955) Z one electrophoresis in starch gels: Group variations in the 
serum  proteins o f normal individuals. Biochem J. 61, 629-641

Sneath, P.H.A. and Sokal, R.R. (1973) Num erical Taxonomy. San  Francisco: 
W .H. Freeman.

Sokal, R.R., and Rohlf, F.J. (1981) Biometry. San Francisco: W .H . Freeman.
Solis, N.B. (1988) B iology and culture o f  Penaeus monodon. A quaculture Dept., 

T igbauan, Iloilo, Philippines.
Southern, E.M . (1975) Detection of specific DNA sequence am ong DNA 

fragm ents separated by gel electrophoresis. J. Mol. Biol. 98 , 503-517.
Su, M .S., and Liao, l.C . (1986) Distribution and feeding ecology o f Penaeus 

m onodon  along the cost o f Tungkang, Taiwan. In M aclean J.L . and Dizon, 
L.B., eds. The f ir s t  Asian Fisheries F isheries Forum: proceeding; 1986 
M ay 26-31-, A sian Fisheries Society, M anila, Philippins, pp. 207-210.

Swofford, D.L. (1989) PAUP: Phylogenetic analysis using parsim ony. Version 
3.0. Illinois N atural History Survey, Cham paign.

Swofford, D.L. and O lsen, G.L. (1990) Phylogeny reconstruction. In Hillis, D. M. 
and M oritz, C ., eds. M olecular System atics. M assachusetts: Sinauer, pp. 
411-501.



217
Swofford, D.L. an d  Selander, R.B. (1989) B lO SYS-1: a F O R TR A N  program  fo r  

com prehensive analysis o f  electrophoretic d a ta  in population  genetics and  
system atics. Release 1.7. Illinois Natural H istory  Survey, Cham paign.

Tam , Y.K. and C hu, K.H. (1993) Electrophoretic study on  the phylogenetic 
relationships o f some species o f Penaeus and M etapenaeus  (Decapoda: 
Penaedae) from  the South China Sea. J. C rus. Biol. 13(4), 697-705.

Tegelstrom , H. (1992) Detection o f m itochondrial DNA fragrrients. In Hoelzel, 
A.R., ed.. M olecular Genetic Analysis o f  Populations. Oxford: IRL Press, 
pp. 89-114.

Thai DOF. (1993a) Fisheries statistic in T hailand. Annu. Rep. Dep. of 
Fisheries, Thailand. In Thai.

Thai DOF. (1993b) Larval releasing in T hailand. Annu. Rep. Dep. of 
Fisheries, Thailand. In Thai.

Thorpe, J.P. (1982) The m olecular clock hypothesis: B iochem ical evaluation, 
genetic differentiation and systematics. Ann«. Rev. Ecol. Syst. 13, 139-168.

Thubthim sang, W . (1978) Studies on the spaw ning ground and spaw ning season 
of econom ically  im portant shrimps in the G ulf of Thailand. Tech. Rep. 
29/1978. M arine Fisheries Division, Dept, o f  Fisheries, Thailand, 56 pp.

Thubthim sang, W . (1979) Studies on the spaw ning ground and spaw ning season 
o f econom ically important shrimps in the G ulf o f Thailand. Tech. Rep. 
26/1979. M arine Fishieries Division, Dep. o f Fisheries, Thailand, 64 pp.

Thubthim sang, W . (1980) Studies on the spaw ning ground and spaw ning season 
o f econom ically important shrimps in the G ulf ot Thailand. Tech. Rep. 
28/1980. M ar. Fish. Div., Dep. o f Fish., T hailand, 50 pp.

Tracey, M.L., N elson, K., Hedgecock, D., Shleser, R.A. and Pressick, M.L. 
(1975) B iochem ical genetics of lobster: genetic  variation and the structure 
of A m erican lobster {Homarus am ericanu.\) populations. J. Fish. Res. 
Board Can. 32, 2091-2101.

Upholt, W.B. (1977) Estimation o f DNA sequence divergence from com parison 
of restriction endonuclease digests. Nucl. A cids Res. 4, 1257-1265.

U tter, F.M. (1981) Biological criteria for defin ition  o f species and distinct 
in traspecific populations o f anadrom ous salm onids under the U.S. 
Endangered Species Act o f 1973. Can. J. Fish. Aquat. Sci. 38, 1626-1635.



218
U tter, F.M ., A ebersold, P.B. and W inans, G.A. (1987) Interpreting genetic 

variation detected by electrophoresis. In Ryman, N. and U tter, F., eds. 
Population Genetics & Fisheries M anagement. Seattle: Univ. W ashington 
Press, pp. 21-45.

V anhaecke, P., Siddall, S.E. and Sorgeloos, P. (1984) International study on 
Artem ia. XXXII. Combined effects o f tem perature and salinity on the 
survival o f Artem ia  o f various geographical origin. J. Exp. Mar. Biol. 
Ecol. 80, 259-275.

V aw ter, A.T., Rosenblatt, R. and Gorman, G.C. (1980) G enetic divergence am ong 
fishes o f  the eastern Pacific and Caribbean: support for the m olecular 
clock. Evolution  34, 705-711.

V aw ter, L. and Brown, W.M. (1986) Nuclear and m itochondrial DNA 
com parisons reveal extrem e rate variation in the m olecular clock. Science  
234, 194-196.

V ibhasiri, A. (1984) Penaeid shrimp resources and fisheries in the G ulf o f 
Thailand. Mar. Fish. Sem. Rep. Mar. Fish. Div., Dep. o f Fisheries, 
Thailand, 21 pp.

V illaluz, D.K. and Arriola, F.J. (1938) Five other known species o f Penaeus in 
the Philippines. Philipp. J. Sci. 66(1), 35-45.

V ithayasai, C. (1973) Exact critical values o f the H ardy-W einberg test statistic 
for two alleles. Commun Stat. 1, 229-242.

V uorinen, J., Aaesje, T.F. and Sandlund, O.T. (1991) G enetic changes in a 
vendace Coregonus alhula (L.) population, 92 years after introduction. J. 
Fish. Biol. 39 (Suppl. A), 193-201.

W aldm an, J.R . and W irgin, 1. (1994) Use o f DNA analysis in the m anagem ent 
of natural fish populations. In Garte, S.J., ed. M olecular Environm ental 
Biology. Boca Raton, FL: CRC Press, pp. 29-64.

W aples, R.S. (1987) A multispecies approach to the analysis of gene flow in 
m arine shore fishes. Evolution  41, 385-400.

W ard , R.D., Billington, N. and Hebert, P.N.D. (1989) C om parison o f allozym e 
and m itichondrial DNA variation in populations o f w alleye, Stizostedion  
vit~eum. Can. J. Fish. Aquat. Sci. 46, 2047-2084.



219
W atson, J. and Crick, F. (1953) G enetic im plications o f the structure o f  

deoxyribonucleic acid. N ature  171, 737-738.
W einberg, W . (1908) Ü ber den Nachweis der Verbung beim M enschen. 

Jahreshaft Ver. vaterländisch. N aturkunde Württemberg 64, 368-382.
W eir, B.S. (1990) Intraspecific differentiation. In Hillis, D. M. and M oritz, C ., 

eds. M olecular System atics. M assachusetts: Sinauer, pp. 373-410.
W eir, B.S. and Cockerham , C.C. (1984) Estim ating F-statistics for the analysis 

o f population structure. Evolution  38, 1358-1370.
W ickins, J.F. (1976) Prawn biology and culture. Annu. Rev. Oceano. Mar. Biol. 

14, 435-507.
W ilson, A .C ., Carlson, S.S. and W hite, T.J. (1977). Biochemical Evolution. Ann«. 

Rev. Biochem. 46, 573-639.
W ilson, A .C ., Cann, R.L., Carr, S.M., G eorge, M., Gyllensten, U.B., Helm- 

Bychow ski, K.M ., Higuchi, R.G., Palum bi, S.R. Prager, E.M ., Sage, R.D. 
and Stoneking, M. (1985) M itochondrial DNA and two perspectives on 
evolutionary genetics. Biol. J. Linnean Soc. 26, 375-400.

W irgin, I.I., Proenca, R. and Grossfield, J. (1989) M itochondrial DNA diversity 
am ong populations o f striped bass in the southeastern United States. Can. 
J. Zoo. 67, 891-907.

W ishard-Seeb, L. and G underson, D.R. (1988) Genetic variation and population 
structure o f Pacific Ocean perch, Sehaster alutu.s. Can. J. Fish. Aquat. Sei. 
45, 78-88.

W orkm an, P.L. and Niswander, J.D. (1970) Population studies on Southw estern 
Indian tribes. 11. Local genetic differentiation in the Papago. Am. J. Hum. 
Gen. 22, 24-49.

W right, S. (1921) System s o f mating. G enetics 6 , 111-178.
W right, S. (1965) The interpretation of population structure by F-stalistics w ith 

special regard to system s o f mating. Evolution  9, 395-420.
W right, S. (1978). Evolution and the Genetics o f  Populations, Vol. 4: Variability  

W ithin and Am ong N atural Populations. Chicago: Univ. o f Chicago Press.







222

2. Staining Recipes
A sp a rta te  a m in o tra n s fe ra se  (AAT)
[glutam ic-oxaloacetic transam inase (GOT)]
Substrate
Pyridoxal-5-phosphate 
Fast Blue BB salt 
2%  Agar
Substrate;
0.2  M Tris-H CL, pH 8.0  
L-aspartic acid 
a-ketoglu taric  acid

Readjust the pH to 8.0 w ith  NaOH, store at 4 C

E C  2.6.1.1

2 0  ml 
1 mg 

50 mg 
2 0  ml

2 0  ml 
80 mg 
40 mg

Fix: GlycerineCom m ents: Rapid stain, final pH 8.0 is critical to the success 
o f the stain

A cid  p h o sp h a ta se  (A C P )
a-N aphthyl a phosphatePolyvinylpyrrolidone
Fast blue BB salt or fast garnet GBC salt
0.2 Na-acetate buffer o r P 0 4 -citric a, pH 5.5
D istilled water

E C  3.1.3.2
80 mg 

400 mg 
80 mg 
40 ml 
40 ml

Substrate: D issolved a-naph thy l a phosphate in 1 ml acetone 
Fix: Acid-alcohol
Com m ents: Pre-soak, gel 1 h in stain bulter before stain ing 
A denosine D eam inase  (ADA)
Adenosine 
M TT or NBT 
PMS
Xanthine oxidase 
N ucleoside phosphorylase 
0.2 M Tris-H CL, pH 8.0 
2%  Agar

E C  3.5. 4.4
40 mg

5 mg
1 mg

0 .2 u
1 u

2 0 ml
2 0 ml

Fix; Acid-alcohol
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A d en y la te  k inase (A K )
Glucose
ADP
NADP
MgCL^
M TT or N B T  
PMS 
G 6 PDH 
H exokinase
0.2 M T ris-H C L , pH 8.0 
2% Agar

EC 2.T.4.3
80 mg 
2 0  mg 

5 mg 
40 mg 

5 mg 
1 mg 

15 u 
2 0  u 
2 0  ml 
2 0  ml

Fix: A cid-alcohol

A lanine a m in o tra n s fe ra s e  (A LA T) 
[G lu ta m ic -p y ru v a te  tra n sa m in a se  (G P T )]

L-Alanine or DL-alanine a-Ketoglutaric a 
NADH
Lactate dehydrogenase 
0.2 M T ris-H C L , pH 7.5 
2% Agar
C om m ents: UV stain, rapid staining

EC 2.6.1.2

400 mg 
40 mg 
1 0  mg 

2 0 0  u 
2 0  ml 
2 0  ml

A lkaline p h o sp h a te  (A L P)
(5-Naphthyl a phosphate (Naj salt) 
Fast blue R R  salt 
M g S 0 4 . 7 H 2 0  

Distilled w ater

EC 3.1.3.1

Fix: A cid-alcohol
C om m ents: Some A L P  require m anganese ions for activity, 

using M nC lj instead o f M gS0 4
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A ldehyde ox idsase  (AO)
Benzaldehyde or acetaldehyde
NAD
M TT
PMS
0.2 M Tris-H C L, pH 8.5 
2% A gar

E C  1.2.3.1
1 ml

1 0 mg
5 mg
1 mg

2 0 ml
2 0 ml

Fix: G lycerine

A rg in in e  k in ase  (A R K )
Phospho-L-arginine
G lucose
ADP
NADP
M TT or N BT 
PMS 
G 6 PDH 
Hexokinasc
0.2 M Tris-H C L, pH 7.0 
2% Agar

E C  2.7.3.3
15 mg 
40 mg 
15 mg 

5 mg 
5 mg 
1 mg 

10  u 
30 u 
2 0  ml 
2 0  ml

Fix; A cid-alcohol

E ste rase  (E ST )
Substrate
Fast blue RR salt
0.1 M P4O, pH 6.5-7.0 or 0.2 T-H C L,7.0 
Distilled w ater

E C  3.1.1.-
2  ml 

50 mg 
40 ml 
40 ml

Substrate; Prepare 1% a-napthyl acetate or (3- in 50%  acetone 
Fix; A cid-alcohol
Com m ents: 1 .Incubate gel sliceat at room temperature, 

dark is not required.
2 .0 ther substrates are a-napthyl propionate & 
a-napthyl butyrate
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Esterase>D (ESD,ESDT)
4-M ethylum belliferyl acetate
0.1 M P4O, pH 7.0 or 0.2 T -H C L J.O
2%  A gar

E C  3.1.-.-
2  mg 

2 0  ml 
2 0  ml

Substrate: D issolved substrate in 1 ml acetone and 1 ml dH jO  
C om m ents: Incubate at 37°C and view  under longwave (365 nm) 

UV light.

F ru c to se -b ip h o sp h a te  a ldo lase  (F B A L D ,A L D O ) E C  4.1.2.13

F ructose-1,6 -diphosphate 
NAD
M TT or NBT
PM S
G 3PD H
0.2 M Tris-H CL, pH 8.0 
2% Agar
Fix: Acid-alcohol

2 0 0  mg 
15 mg 

5 mg 
1 mg 

40  u 
2 0  ml 
2 0  ml

F u m a ra te  h y d ra ta se  (FH ) E C  4.2. 1 .2
(Fum arase (FUM )]
Sodium  fumarate (fumaric a) 60 mg
NAD 1 0 mg
M TT 5 mg
PMS 1 mg
M alic dehydrogenase 50 u
0.2 M Tris-H CL, pH 8.0 2 0 ml
2% Agar 2 0 ml

Fix: Acid-alcohol •



226
G Iy cera ld eh y d e -3 -p h o sp h a te  deh . (G A PD H )

Substrate
N A D
M TT or N B T 
PM S
0.2 M T ris-H C L , pH 7.0 
2% Agar

E C  1.2.1.12
5 ml 

15 mg 
5 mg 
1 mg 

15 ml 
2 0  ml

Substrate: D issolved 150 m g fructose-1,6-di. in 5 ml stain
buffer add aldolase 20 u. Incubate at 37°C for 
30 min then add to stain mix)

Fix: A cid-alcohol

G lu ta m a te  d e h y d ro g en ase  (G L U D H ,G L U D )

L-G lutam ic a (N aj salt)
NAD
M TT or N BT 
PM S
0.2 M T ris-H C L , pH 8.5 
2%  Agar
Fix: A cid-alcohol

E C  1.4.1.3

G ly cera I-3 -p h o sp h a te  d eh y d ro g en ase  (G 3PD H )
DL-a-Glycerophosphate
NAD
M TT or N B T 
PMS
0.2 M T ris-H C L , pH 8.5 
2% Agar
Fix: A cid-alcohol
Com m ents: Incubate for 1 h before adding PMS

1 .1 . 1 .8

150 mg
15 mg

5 mg
1 mg

2 0 ml
2 0 ml
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Id ito l d eh y d ro g e n a se  ( ID D H ^ D H ) E C  1.1.1.14

D-Sorbitol
NAD
MTT
PMS
0.2 M Tris-HCL, p H  8.0 
2%  Agar
Fix; Glycerine

Iso c itra te  d eh y d ro g rn ase (N A D P + ) (ID H P )

Isocitric a (Naj salt)
NADP 
MgCL2 
M TT or N ET 
PMS
0.2 M Tris-HCL, pH  8.0 
2% Agar

1 .1 .1 .42
1 0 0 mg

5 mg
60 mg

5 mg
1 mg

2 0 ml
2 0 ml

Fix: Acid-alcohol

L -L actate  d eh y d ro g en ase  (LD H ) E C  1.1.1.27

Substrate (lactate so lu tion) 
NAD
MTT or NBT 
PMS
0.2 M Tris-HCL, p H  7.0 
2% Agar

Substrate: D issolve 10.6 ml o f 85%  DL-lactic a in 100 ml H 2O,
adjust pH  to 7.0 with LiOH 

Fix; Acid-alcohol
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M a la te  d eh y d ro g en ase  (M D H )
Substrate (DL-malate solution) 
N A D
M T T  or NBT 
PM S
0.2 M Tris-H CL, pH 8.5 
2%  Agar

E C  1.1.1.37
4 m l 

1 0  m g
5 m g 
1 m g

2 0  m l 
2 0  m l

Substrate: D issolve 13.4 g o f DL-malic a in 100 ml HjO,
adjust pH to 7.0 with NaOH 

Fix: Acid-alcohol

E C  1.1.1.40M alic  enzym e(N A D P+) (M E P ,M E )
D L-M alate solution
N A D P
MgCL2
M TT or NBT
PM S
0.2 M Tris-H CL, pH 8.0 
2% Agar
Fix: A cid-alcohol
Com m ents: C heck  M D H , elim inated by adding 20 mg oxaloacetic a

4 ml
5 m g

40 ul
5 ml
1 ml

2 0 ml
2 0 m l

M an n o se-6 -p h o sp h a te  isom eras (M PI)
Mannose-6-phosphatc
N A D P
M gC L j
M TT or NBT
PM S
G 6 PDH
G lucose-6 -phosphatc isomerase 
0.2 M Tris-H C L, pH 8.0 
2%  Agar

E C  5.3.1.8
30 m g 

5 mg 
2 0  ug 

5 mg 
1 mg 

10  u 
12  u 
2 0  ml 
2 0  ml

Fix: A cid-alcohol
Com m ents: L D H  may appear as faint bands, suppressed by 

adding 50 mg pyruvic a.
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O ctan o l d eh y d ro g e n a se  (O D H ) EC 1.1.1.73
Octanol 2 mi
NAD 10 mg
M TT 5 mg
PMS 1 mg
0.2 M T ris-H C L , PH 8.0 20 ml
2% Agar 20 ml

Fix: A cid-alcohol
Com m ents: In penaeid prawn, O D H  is the same product as A D H

P ep tid ase -C  (P E P C ) E C  3.4.

Peptide substrate 2 0 m g
Peroxidase 2 m g
L-Am ino á  oxidase or snake venóme 4 mg
3-A m ino-9-ethyl carbazole (dissolve in DMSO) 5 mg
or O -dianisid ine (dissolve in acetone)

0.2 M T ris-H C L , pH 8.0 2 0 ml
2% Agar 2 0 ml

Substrate: G lycyl-L-leucine or glycyl-leucine
Fix: G lycerine

P h o sp h o g lu co n a te  d eh ydrogenase  (PG D H ) E C  1.1.1 .44

6 -Phosphogluconic (Na, salt) 40 mg
NADP 1 0 mg
M gCL; 40 ug
M TT or N E T 5 g
PMS 1 g
0.2 M T ris-H C L , pH 8.0 2 0 ml
2% Agar 2 0 ml

Fix: A cid-alcohol
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P h o sp h o g lu co m u tase  (PG M )
G lucose-1-phosphate (Noj salt)
N A D P
MgCLj
M TT or N BT
PMS
G 6 PDH
0.2  M Tris-H CL, pH 8.0 
2%  Agar
Fix: A cid-alcohol

EC S.4.2.2

P y ru v a te  k in ase  (P K )
Fructose-1,6 -diphosphate (Na2 salt)
Phospho(enol)pyruvate (Naj salt)
ADP
NADH
KCL
MgCL^
Lactate dehydrogenase 
0.2 M Tris-H CL, pH 8.0 
2% Agar

EC 2.7.1.40
2 0  mg 
2 0  mg 
25 mg 
2 0  mg 

1 0 0  mg 
60 ml 

1 0 0  u 
2 0  ml 
2 0  ml

Fix: A cid-alcohol

P y rro lin e  d eh y d ro g en ase  (PY D H )
L-Pyroelutam ic a
NAD
MTT
PMS
0.2 M Tris-H C L, pH 8.0 
2% Agar

E C  1.5.1 .1 2

2 0 mg
10 mg

5 mg
1 mg

2 0 ml
2 0 ml

Fix: A cid-alcohol
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P h o sp h ate -c itric  acid , 0.05  M , p H  5.5

Citric a (monohydrate)
M ix; Adjust pH with 0.1 M  Na2H P0 4

N a -ace ta te , 0.05 M , pH  5 .5
Sodium  acetate.SHjO
M ix; Adjust pH with IN  H C L  (=15 ml)

10.5 g/1

6 .8  g/1

4. Stock Solutions

R eagen ts  an d  co factors

M T T  (5 m g/m l)
M TT (tétrazolium  salt)
Mix; D issolved MTT in dH^O and store in dark bottle at 4°C

500 mg / 1 0 0  m l

PM S (1 m g/m l)
Phenazine m ethosulphate 
Mix; Dissolved PMS in dH^O and store in dark bottle at 4°C

1 0 0  mg / 1 0 0  m l

NAD (10 m g/m l)
NAD (N icotinam ide adenine dinucleotide)
Mix; D issolved NAD in  dH^O and store at 4°C

1 g/ 1 0 0  m l
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w hereas the corresponding unbiased estim ate o f H  averaged over all loci is 

H  = 5X1 -
w here /?, is the frequency o f the ith allele at a locus in a sam ple from  the 
population, /i* the value o f h for the kth locus, and r  the total num ber o f loci 
investigated. T he sam ple size n may be vary from locus to locus.

S.E. = V var
Var = L (/i* - 1)

1.4 F -s ta tis tic s , F „  ( th e  v a rian ce  co m p o n en t estim atio n  of W rig h t, 1978)

^ ST

Actual variance =
Total variance =
Sam pling variance = 
L im iting variance =

(Actual varianceXLim iting variance) ' 
Total variance - Sam pling variance 
r  ' L(p - p)" 
r  ' L(2 n) 'p ( l  - p)
P(1 - P)

where p  is the frequency of an allele at a locus in a population, p  the averaged 
allelic frequency over all populations at that allele and that locus, n the num ber 
of individuals sam pled for that locus in that population, and r  the num ber o f 
populations.
N O T E ; Negative variance com ponents are som etim es obtained using W right s 
(1978) procedure. Resulting from  the assum ption for com putational purposes, the 
estim ated total variance is partitioned orthogonally into estim ated variance 
com ponents. Thus if the sum o f a part o f the estim ated variance com ponents 
exceeds the estim ated total variance, the rem aining estim ated variance 
com ponents take on negative values. The program  BIOSYS-1 counted these 
values as zero for the next step o f calculation.

The significant o f F„ and values test by using chi-square (W orkm an 
and N isw ander, 1970; W aples, 1987)

Test o f F„
= N ( F ,f ( k - l )  

d.f. = (k(k-l))l2
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2. Pairwise Contingency Chi-Square Analysis

T H A T  9 1 ,  9 2  & 9 3
N o . of

Locus alleles Chi-square D.F. P
AAT-1 2 .462 2 .79355
AAT-2 2 .900 2 .63750
ALAT 3 5.954 4 .20261
ESD 4 10.813 6 .09433
GPI 4 4.234 6 .64502
IDHP 2 2.144 2 . 34227
MDH-1 2 1.890 2 .38859
MPI 3 6.612 4 .15786
PGM 7 18.518 12 .10085
(Totals) 51.529 40 . 10464

S U R A T  9 1  & 9 2

Locus
AAT-1AAT-2ALATESD
GPIIDHPMPIPGM
(Totals)

N o . of alleles .-square D.F. P
. 006 1 .94041
. 006 1 .94041

5.002 2 .08202
5.098 3 .16475
3.065 3 .38165
2.756 1 .09687
1.126 2 . 56936
7.448 5 .18940

24.507 18 .13910

PH U K E T  9 1  & 9 2

Locus
AAT-1AAT-2ALATESD
GPIIDHPMPIPGM
(Totals)

N o . of alleles square D.F. P
. 019 1 .88986
. 019 1 .88986
.732 2 .69360

1.374 2 .50313
2.403 3 .49306
. 501 1 .47894
. 963 3 .81015

3.323 4 . 50528
9.335 17 .92918

S A T U N  9 2  & 9 3

Locus
AAT-1AAT-2ALATESD
GPIIDHPMDH-1MDH-2MPIPGM
(Totals)

N o . of alleles Chi-square D.F.
. 000 1 1.00000
. 000 1 1.00000

3.542 2 .17013
1.007 2 .60446
.259 2 . 87848

2.329 2 .31203
.252 1 .61589

2.007 1 . 15661
1.140 2 . 56544
7.752 4 . 10111

18.288 18 .43683
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Locus
AAT-1AAT-2ALAT
ESD
GPIIDHP
MPIPGM

N o . of alleles Chi-square
.476

2.4801.0913.9194.7816.6602.1772.471

D.F.

.02

AAT-2ALATESD
GPIIDHPMPIPGM
(Totals)

. 335 . 861 .675 10.630 .012 1.368 4.402
16.696

.47

.49037

.11529.57962.27035.18857.04000.33669.78081
(Totals) 23.564 18 .16985

SO U TH  JA V A -N O R T H JA V A
N o . of

Locus alleles Chi-square D.F. P

14

.56248.65024.41127.02100.91382.71317

.22119

.27275

P H U K E T - SA T O N -K E D A H
N o . o f

Locus alleles
AAT-1 2
AAT-2 2
ALAT 3
ESD 3
GPI 4
IDHP 3
MDH-1 2
MDH-2 2
MPI 4
PGM 6
(Totals)

.-square D.F. P
. 004 2 .99813
.855 2 . 65222

3.198 4 . 52519
.210 4 .99486

6.694 6 . 35009
3.393 4 .49440
1.369 2 . 50444
2.741 2 .25397
7.966 6 .24058

12.076 10 .27999
38.505 42 . 62516

FO O L E D  ANDAMAN S E A
N o . o f

Locus alleles
AAT-1 2
AAT-2 2
ALAT 3
ESD 3
GPI 5
IDHP 3
MDH-1 2
MDH-2 2
MPI 4
PGM 6

C h i - s q u a r e D . F .

( T o t a l s )

. 824 3 .84379

. 879 3 .83038
3.196 6 .78384
.949 6 .98748

15.966 12 .19278
14.796 6 .02190
1.702 3 .63646
3.312 3 . 34593

11.437 9 .24694
19.187 15 .20538
72.249 66 .27919
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6 AX<I< POOLED POPniATIONS

N o .  o fL o c u s  a l l e l e s  C h i - s q u a r e  __  _

^ T - 1  3 2258.755 10 .00000]^ T - 2  3 34.513 10 .00015]
a l a T 3 281.885 10 .00000ESD 4 25.817 15 .04000,Gpi 5 63.246 20 .00000,
IDHP 3 51.801 10 .00000Sd H-1 2 3.992 5 .55057,MDH-2 3 2260.065 10 .000005 1061.093 20 .00000*
PGM 7 38.325 30_______
^Totals! 6079.492 140

5  S E  A S E A N  PO PU IiA TZO N S
N o .  o fL o c u s  a l l e l e s  C h i - s q u a r e  D . F ^  ________ P ______

AAT-l 2~” 4.371 4 .35814VVt _2 3 30.020 8 .00021,3 29.639 8 .000244 18.431 12 .10323,
5 47.511 16 .00006,

IDHP 3 35.473 8 .00002
MDH-1 2 3.428 4 .48899MDH-2 2 5.575 4 .23320MP? 4 12.459 12 .40955
pSm  7 24.563 __24________ -^2981
"(Totais) _____ ___________ :22222

4  A S E A N  P O P U IiA T IO N S
N o .  o fL o c u s  a l l e l e s  C h i - s q u a r e ________________________ P ____

AAT-l 2 4 T 3 9 O 3 .22229^ T - 2  2 1.052 3 .788583 15.083 6 .01962
EiS 4 12.605 9 .18130,
g I? 5 28.859 12 .00413,
?DHP 3 23.788 6 .00057
MDH-1 2 3.006 3 .39076MDH-2 2 4.177 3 .24299^ 4 10.025 9 .34843
PGM 7 17.374 ___ 1 8 ________

______ I I _______ :222!Z
T R A T - SU R A T  & DUNGUN

N o .  o fL o c u s  a l l e l e s  C h i - s q u a r e  D ^ F ^ ____________ P ____
AAT-l 2 .003 1 .95677^ ? - 2  2 .203 1 .65201,^ A T  3 21.210 4.46 -00050
ESD 4 .941 3 .81542

i  l . l l l  1.03 ;o !5o1i -  1 i;tll I iPPPGM 7 5.535_______ 6_________llZZZZ
■(Totäüi 36.129 20 .01485
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TRAT-ANDAMAN SEA ^ _ __________________________

No . of T? P
LOCUS alleles _ ____ ° ili__________ _

7 o 1 846 1 .17428AAT-1 2 866 1 .35203AAT-2 2 1 5 9 8 0  4.26 .00400*
ALAT 3 5 929 3 .11511ESD 4 3 837 4 .42846
GPI I leii 2 .26666IDHP 3 2.644 ^ .30537
MDH-1 2  ̂ .17480MDH-2 2 1-H41 .48573

7 3:903________6________.68979

WolliV) _______________ ------

TRAT-POOLED JAVA ^ ______________________
No. of i-i c pLOCUS alleles_ Chi-square____ ______________P___

---- 7 o~~ 647 1 .42114AAT-1 2 ^ .97701AAT-2 2 -uui 2 .07206
ALAT 3 3 .45523ESD 4 2.613 .11692GPI 4 5.893 ^ .17412
IDHP 2 1-|4 ^ .42114
MDH-1 2 3 964 3 .26533MPI 4 3.964
PGM 7 ________________________________________

7”7 27 144 21 .16613(Totals) _ _ ________________________

t r a t -p h i l i p p i n e s  _____  ____________________________
No. of T-. c* pL o c u s  a l l e l e s  _ _ C h i - s ^ a r e ______D ^ F ^ ____________ P _ _ _

---- 7 o 029 3 .86502AAT-1 2 2.05 .01527AAT-2 3 8.600 ^
ALAT 3 % Al-i 3 .09073.
ESD 4 17 580 4.13 .00200GPI 4 1 3 7 0 0  2.02 .00150*IDHP 2 ^^-¡50 1 .45827MDH-1 2 3 .05597MDH-2 2 J-b63 .49459

7 }-_^l________!________.2I3_3_5_
_______________________ _____________________________________- - - - - -

TRAT-KENYA ______________________________
No . of T? PLocus alleles __Chi-square____ D^F^_________

T fiTR 000 2 .00000AAT-1 3 1 .29301.
AAT-2 2 n T  852 2 .00000
ALAT 3 ^^5-245 3 .15469.ESD 4 13 503 3 .00367
GPI 4 1 5 9 0 7  1 .00007*IDHP 2 736 1 .39093.
MDH-1 2 fi7R 000 2 .00000
S ! ' "  4 I »»gSS'
PGM ^ __ __ __________________________________
■^Totil^) ^251.402______ 22________.00000
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SURAT fc DUNOON-ANDAMAN S K A

N o .  o fL o c u s  a l l e l e s  C h i - s c j u a r e  ^ D . F ^  ^ ______P  
AAT-i 2 1.641 1^ T - 2  2 .200 1 .65467aTA'P 3 .176 2 .915684 10.490 3.62 .02500^
g I? 1 31.830 8.52 .OOOOO;
?DHP 3 27.950 4.22 .00003"“ -1 2 i •ill?!MDH-2 2MPT 4 5.309 3 .15053
PGM 6 7.120_______5_________J 1 1 8 4

’ " 6 6 ^ 9 0 2 _______23_______

SURAT & DUNOUN-POOLED J A V A
N o .  o f  r. DL o c u s  a l l e l e s  C h i - s q u a r e  ^ ________ 1  

a a t I i 2 .683 1 .408542 .077 1 .7807|
4 3-. I??  i  2 Ì Ì Ì Ì

g I? 4 3.238 3 .35643
?DHP 2 .441 1 .50676MDT 4 3.255 3 .3539/
pSm  6 5.953_______5_________ .31083

_'if:028______ 19_______ :!!°!!

SURAT & D U N G U N - P H I L I P P I N E S
N o .  o fL o c u s  a l l e l e s  C h i - s q u a r e ____ __________________________

Ia t I i 2 .205 1 .65034
^ T - 2  3 7.785 2.11 -024003 22.676 4.21 .00002
Esè 4 4.939 3 .17631.
g I? 4 11.079 2.30 .00700
IDHP 2 2.383 1 .12268
m d h -2 2 3.462 1 .062813 .599 2 .74120
pSm  6 8.762_______ 5_________i U l l t
■ÍTÓt¡i¡) _________________

SURAT & DUNGUN-KENYA
N o .  o f  .... r. DL o c u s  a l l e l e s  C h i - s q u a r e ______ ___________________ p  

^ T - i  3 ? ' 2 Ì Ì 8 Sis" i -i;Hi Ì ■GPI 4 7.609 3 .05482TDHP 2 4.109 1 .04266.
MDH-2 3 652.000 2 -SSSSS-M?? 4 348.970 3 .00000
pS m  6 ________

1254.239 20
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ANDAMAN SKA-POOLND JAVA

No. of ^ ^ pLocus alleles C h i - s ^ a r e  _____________
7 o 1 7 9 4  1 . 1 8 0 3 9A A T - 1  2 1 . 7 9 4  i  . 5 7 8 0 5AAT-2 2 .309 ± .89115ALAT 3 .230 ^ .47036ESD 3 1.509 ^ .05548

I I 572 2 .06168IDHP 3 5.572 z .65657
NDH'i i 5 I4 I .44071MDH-2 2 2 090 3 .55388MPI 4 2.090 I .40958PGM 6 5.U3Z________3 _______________

______? - _______ - - - - - -
ANDAMAN S E A - P H I L I P P I N E S  _________________________

No. of pLocus alleles Chi-square____ ______________ ^___

AAT-1 2 9 ‘327 1.54 !00500*
3 2l:Í86 3.84 .00000*a l a i ;? , Q,Q 2  .14742

ESD 3 4.25 .00300*
GPI I Í3 990 2 23 .00150*IDHP 3 168 1 .68184MDH-1 2 .168 .54395MDH-2 2 .368 .43459MPI 4 2.733 .23249
PGM 6 _°l“_ ________-_______________
7 T”7 82 694 23 .00000

ANDAMAN S E A -K E N Y A  ___________________________________
No. of . pLocus alleles Chi-square___ D^F^_________^____

ESD 1 9 6 8 0  5.36 .00200
?DHP 1 2l:l62 2 .00000*IDHP J .63533
MDH-1 9 9 2 0 0 0  2 .00000MDH-2 3 992.000 .00000*

I “ I'.olo_________5 ____________ . 0 3 3 7 0
■ ÍTÓtáüi y ____"  ______-1 _______

PO O LED  JA V A  -  P H I L I P P I N E S  ____  ________________________
No. of . p

Locus alleles ____ ?:_1_________ -___
n 1 180 1 .27726AAT-1 2 1.180 ^ .23321

AAT-2 3 1 0 110 4.69 .06000ALAT 3 2 .07297
GPI 4 18‘.697 4.30o 151 1 .06715IDHP 2 1 180 1 .27726. MDH-2 2 1 915 3 .59014

Í 3:111 3 ________ .27385

_______





APPENDIX 3

MTDNA RFLPS PROCEDURE
1. Preparation of Total DNA from Frozen Tissue
T issu e : Frozen pleopod o f P. monodon
M aterials:

Liquid nitrogen 
D igestion buffer 

-TEN buffer, pH 8.0 (350 p,l)
-1 % sodium  dodecyl sulfate (40 p.1 10% SDS)
-0.2 m g/m l proteinase K (8 ul 10 mg/ml proteinase K) 

Equilibrated phenol 
Chloroform :Isoam yl alcohol = 24:1 
99.99%  ethanol 
70 % ethanol 
TE buffer, pH  8.0 
a-am ylase  buffer, pH 8.0

C ell preparation:
1. Quickly grind tissue to a very fine powder in liquid nitrogen w ith a m ortar

and pestle and always keep tissue frozen.2 Rapidly transfer powder tissue to glass-Teflon hom ogenizer containing 
■ TEN and proteinase K solution (400 pi digestion buffer per 150 mg 

tissue), then hom ogenize two times.3. Im m ediately add 10 %SDS to a concentration of 1% and hom ogenize one 
more time. T here should be no clum ps and the sam ples will be viscous.

C ell lysis & digestion:
1. incubate the sam ples at 55°c for 2 h in tightly capped tubes. Mix 

occasionally during the incubation to keep the tissue suspended. After
incubation the samples should be relatively clear. t^ n s fe r2. Centrifuge at 12,000g for 10 min to rem ove cell debris, then transfer
aqueous phase to sterile lube.
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Extraction o f  nucleic acids:
1. Extract the sam ples with an equal volume o f equilibrated phenol by 

m ixing gently but thoroughly until the em ulsion forms and incubate at 
room  tem perature for 5 min. If the phase separate, gentle mix again.

2. Centrifuge at 10,000g for 10 min a t room temperature. If the organic and 
aqueous are not well-separate, centrifuge again for longer time and h igher
speed. . •3 Carefully rem ove the aqueous phase layer with wide bore m icropipette tip 
and transfer to new tube. Be careful not to disturb the cellular deb ris or 
the interphases. D iscard the interphase and organic phase.

4. Reextract the aqueous phase with phenol two times or until no pro tein  is
visible at the interphase. .  r-., * a ^5. Extract the aqueous phase three tim es with equal volume or C .IA A  and 
centrifuge at 1 0 ,0 0 0 g for 10  min to remove traces o f phenol.

6. T ransfer the aqueous phase to a fresh tube.

3.

Purification o f DNA:
1. Estim ate the volum e of the DNA solution.
2 Adjust salt concentration to 2.0 M by addition of 5.0 M NaCL, mix w e .

' Add exactly 2 volum es of ice-cold 99.99% ethanol and mix gently. The 
DNA should im m ediately form a stringy precipitate. Leave the e thanohc 
solution on ice to allow the precipitate of DNA to form for 15-30 min. 
Recover D N A  by centrifugation at 12,000g for 10-15 min. I f  low 
concentration of D N A , store the samples at -25°C for 1-2 h for com plete 
precipitation of DNA and more extensive centrifugation may be required
(may be leave overnight at -25°C). . • ■ uRem ove the supernatant with w ide bore tip. Rinse the pellet tw ice with 
70% ethanol and recentrifuge at 12,000g tor 2 min or 5,000g at 3 mm. 
Take care not to disturb the pellet of nucleic acids.

5.' Decant ethanol and dry the pellet under vacuum for 10 min (take ca re  not 
to disturb the pellet of nucleic acids.

4.



249
Carbohydrate & R N A  digestion:

(Carbohydrate digestion , resuspend D N A  in cx-amylase buffer, then add 
ot-amylase to a concentration of 25 (il/m l and incubate at 37 C for 2 h.

2. RN A  digestion, add RNaseA 100 ^ig/ml and incubate for 1 h.
3. Extract the solu tion  once w ith phenol and once with C;IAA.
4. Rem ove organic solvents and salt from  the DNA; dialyse the aqueous 

phase through u ltra  free-M L by centrifugation at 5,000g for 25 min.
5. Adjust salt concentration, precipitate, wash and dry (M ay be kept in 

ethanol at -2 5  °C .
6. Dry under vacuum  for 10 min.
7. Resuspend D N A  in T E  buffer until dissolved at 37°C for 1-2 h. Rinse the 

walls o f the tube with the buffer to dissolve all o f nucleic acids.
8. Store the sam ples at 4°C. The DNA can be stored in definitely in the 

presence o f e thanol at -25°C.
Q uantitation o f DNA and RNA

Tw o m ethods a re  widely used to m easure the am ount o f D N A  and RNA.
1. Ethidium  brom ide fluorescent quantification o f the am ount o f double­

strand DNA. T h e  DNA is m onitored by directed visualization the U V - 
induced fluorescence em itted by ethidium  bromide m olecules intercalated 
into the DNA. B ecause the am ount o f fluorescence is proportional to the 
total mass o f D N A , the quantity o f D N A  therefore can be estim ated by 
com paring w ith a  standard m arker.

2. Spectrophotom etric determ ination o f  DNA and RNA. Quantity of 
DNA and R N A  was m easured at wavelengths of 260 nm and 280 nm. 
The ratio betw een the readings at 260 nm and 280 nm (O D 260/O D 280) 
provides an estim ate  for the purity of the nucleic acid. Pure preparations 
o f DNA and R N A  have O D 260/O D 280 o f 1.8 and 2.0, respectively. If there 
is contam ination with protein or phenol, the ratio will be less than the 
values. If there is contam ination with RNA, the ratio will be more than 2.

N O T E :1. Genom ic DNA used for hybridization studies m ust be pure and free trom  
contam inant su ch  as glycerol, protein, m etallic ions, and other im purities.

2. To achieve the best recovery, the organic phase and interphase m ay be
back-extracted. _ .3. Over pelleting the DNA will make resuspension difficult. D ifficulties 
arise when redissolving buffers contain M gCl2 or NaCl2. It is therefore 
preferable to d isso lve the DNA in sm all volume o f buffer and adjust the 
com position later.4. For RNA digestion, after carbohydrate digestion add 100 pg/m l D N ase- 
free RNase (1 pi o f 10 pg/p l stock per 100 p i DNA solution) and 
incubating 1 h further at 37°C.
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2. Preparation of MtDNA from Fresh Tissue

T issu e : Pleopod o f  P. m onodon
M aterials:

TEK  buffer, pH 7.5
7.5%  Sucrose-TEK  (0.25 M)
37.5% Sucrose-TEK  (1.1 M)
10% N on-idet TEK

Cell preparation :1. D issect and clean pleopod in TEK  and 7.5%  sucrose-TEK buffer.
2. Squeeze o u t m uscle tissue from pleopod, keep the tissue cool on ice.
3. Cut tissue into pieces and weight.

M ito c h o n d r ia l iso lation  :

1. H om ogenize the tissue-two strokes in glass-Teflon homogenizer containing 
7.5%  sucrose-TEK  buffer (0.36 g/ ml), separate homogenized solu tion  into 
two parts, hom ogenize one stroke each and leave to make cells sw ell and 
precipitate.2. Transfer the hom ogenate to 50 ml polypropylene tube.

3. Underlay the solution with 37.5%  sucrose-TEK buffer by passing a long 
stem Pasteur pipette through the homogenate.

4. Centrifuge at l,000g  (2,800 RPM ) for 10 min at 4°C.
5. Draw o ff the supernatant into another 50 ml centrifuge tube, be carefu l ot

interphase and repeat step 3-4.
6 Draw o ff the supernatant from  the second low speed run and the 

m itochondria are pelleted by centrifugation at 18,000g (12,600 R PM ) for
7. Draw off the supernatant and discard. Resuspend the m itochondrial pellet 

in 10 ml TEK buffer and centrifuge at 18,000g for 30 mm.

m tD N A  iso la tion :
1. R esuspend the m itochondrial pellet in TEK solution (1-2 p l/m g  starting
2. M ak e \h e  solution up to 1% non-idet by adding a 10% non-idet T E K  and 

mix gently. The supernatant w ill clear almost immediately, bu t leave on
ice for 1 0  min for com plete lysis.

3; C entrifuge at 12,000g for 10 min to remove debris including intact 
nucleic.
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4. Transfer th e  supernatant to sterile tube (The solution may b e  kept at - 

70°C.5. Extract th ree  times with an equal volum e o f  equilibrated phenol, centrifuge 
at lO.OOOg fo r 10 m in each.6. W hen the aqueous is clear and not m ilky, the phenol is rem oved three 
times w ith C:IA A  (24:1).7. Draw o ff th e  supernatant, adjust salt concentration (3 M C H jC O O N a, pH 
5 2) and a d d  two volum es o f  ice-cold 99.99%  ethanol.

8. Store the sam ple at -25°C for 2 h to ensure com plete precipitation o f 
nucleic ac id s  or at -70° for 30 min.

9 Pellet nucle ic  acids by centrifugation at 12,000g for 15 mm.
10. ' W ash the pellet twice with 500 pi o f 70%  ethanol to rem ove traces o f

phenol and  salt, do not disturb the pellet. D ecant ethanol and dry  the pellet
under vacuum  for 10 min.11. Resuspend the pelleted m tDNA in 100 p i TE  buffer per gram  starting 
tissue (1 p.1/10-20 mg).

12. Keep the sam ple at -25°C.
N O T E :

Use loose fitting glass-Teflon hom ogenizer type and try to generate little 
or no suction . The tissue should be subjected to only pass w ith m inim al
force.If a clear pellet does not form , wash and pellet m itochondria three t»mes. 
O vergrinding the tissue by additional strokes leads to nuclear D N A  
contam ination and loss o f mtDNA.Addition o f  1 % non-idet lyses m itochondrial membranes b u t not nuclear 
m em branes.
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3. Agarose Gel Electrophiresis
M aterials:

Agarose
Ethidium  bromide (10 jil/ml) 
lOx TE  Buffer, pH 7.0 
G el-loading dye 
Gel m ould 
E lectrophoresis tray

Preparation o f  agarose gel: . . . .  a1. Prepare gel mould by taping on opposite sides o f horizontal gel unit and
inserting on the com b to form the wells.

2. Prepare agarose gel by adding 0.8%  of pow der agarose to a measured
quantity o f electrophoresis buffer.

3 Boil agarose with interm ittent swirling until it dissolves.
4. Leave the solution until cool at 50-55°C, then add 10 pPm l stock ethidium 

brom ide to a final concentration o f 0.5 |ll/m l.
5 Pour w arm  agarose into the m ould. Let the gel com pletely set (30-45 mm 

at room temp), then carefully rem ove the com b and tape. The gel is now 
ready to  use or m ay be kept at 4°C  for at least 1 day.

Volume
(ml)

Agarose
(g)

lOx TEB 
(m l)

HjO
(m l)

0.62
1.60

69.3
180

3.85
10.0
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5. Preparation of XH indU i. Marker

C ontent 0.5 pg/5 p i 1 pg/5 p i
undigested TdlindWl 
HjO
RE buffer 
Sperm idine 
BSA 
HindlW

29* (10 pg) 
53 
1 0  
5 
1
2 (30 u.)

58* (20 pg) 
2 2  
1 0  
5 
1
4 (60 u.)

Total (|ll)
1 0 0 1 0 0

Procedure;
1 . M ix the solution, then incubate at 37°C for 4-36  h.
2. Extract once with phenol and once with C :IA A
3. Precipitate w ith ice-cold 99.99% ethanol, k ep t at -20°C  2 h lo r com plete 

precipitation.
4. Recover by centrifugation at 12,000g for 10 min.
5. W ash tw ice with 70% ethanol and dry under vacuum  for 10 min.
6 . Resuspend in 100 ml TE buffer for 1-1.5 h.

N O T E ’ depends o n  concentration of X,HindllI stock solution. 
Restriction enzym e
-HincRW = 1 :3  = 2 111 (15 u ./|il, 2x RE buffer)
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6. Nucleic Acids Transfer
M ethodology:A lkaline vacuum  transfer o f D N A  by using vacuum  blotting system

Solution:
D epurination solution 
A lkaline buffer 
W ashing solution

0.2 N HCl 
1 M NaOH 
2x SSC

Procedure:1 Setting up, clean and wet vacuum  unit and connect the pump.
2. Pre-treat the nylon m em brane (A m ersham ’s Hybond-N+; positively 

charged nylon) in dH^O. place on the porous screen by using clip.
3. P lace the plastic m ask on the m em brane (=5 mm overlap).
4. Place on the fram e and tighten the locking clam ps, then check the suction

pum p.5. W et the m em brane, put the gel on mem brane by starting with one ot the 
edges, slid the gel onto the m em brane. Avoid entrapping air bubbles by 
adding dH jO  under the gel

6 . Sw itch on the pum p.7 D ep u rin a tio n , im m ediately pour 50 ml of 0.2 N HCl onto the gel, leave 
until the brom phenol blue turn yellow  (=25 min). W ipe the gel with a 
gloved finger and rem ove the excess liquid by using pipette.

8 . Transfer, im m ediately pour 1 litre o f 1 M NaOH onto the gel to cover it 
to about tw ice its depth, then transfer for 1.5 h.

9. R em ove transfer solution.
10. Turn o ff the pum p, mark well positions.
11. Rem ove the gel, take note.
12 W ash the filter in 20x SCC for 10 min to elim inate agarose.
13. Air dry for 30 m in, then keep in 3MM filter paper at room tem p.

N O T E :1. Acid depurinatcs DNA by breaking large fragm ents into small pieces for 
more efficient transfer.

2. Nylon m em brane can be rehybridized many times.
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7. Recovery of MtDNA Fragments from L.M.A.

1. Prepare a gel o f low-melting-p>oint agarose by heating  in lx  
electrophoresis buffer to 70°C , cool to 37°C then add ethidium  brom ide 
to  a final concentration o f  0.5 pg/m l. Pour the gel and leave to cool.

2. A dd loading dye into m tD N A  samples, load samples an d  carry out 
electrophoresis at 4°C at 100 V for 3 h or until the m arker runs through 
the end o f the gel.3. Quickly view  under UV light and cut out the desired fragm ent(s) from  the 
gel with a m inim um  o f excess agarose by using new scalpel blade. Put 
the agarose slice into a pre-w eighted microcentrifuge tube and w eight.

4. W ash tw ice with sterile dH jO  and leave at 4°C for 20 m in  or store the 
gel at -25°C  until using.

5. Add sterile dH jO  3 ml per gram o f gel slice.
6 . Heat at 65°C  for 2-5 m in to melt the gel, mix well.
7. Store im m ediately at -25°C .
8 . Calculate the m tDNA concentration.

-weight o f  gel slice 0 .0395 gm 
sterile dH 2 0  118 |il
total volum e 158 |ll

-C om parison of m tD N A  with intensity of XHindlW  m arker 
-Concentration o f m tD N A  = 2.5 times of 1 p.1 m arker

=  2% 50x2.5xl000 = 100 ng 
-Using 10 ng mtDNA per filter

=  158x10/100 = 15.8 111
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1. Add the  following chem icals step by step into a clean m icrocentnfuge 
tube.
-dH jO  to  total o f 50 p.1

2.5 M-1
2.5 M-1
2.5 M-1 
5.0 1x1 
X |xl
y Itl 1 1x1

-dCTP 
-dG TP 
-dTTP
-R eaction  m ixture (lOx)
-D enature m tDNA (10 ng)
-L abelled  nucleotide (^^P, dA TP = 20 p.Ci)
-K lenow  fragm ent • . »u..2. Mix gently , then centrifuge briefly to collect the reaction mix at the
bottom .

3. P roceed at room  tem p for 4-24 h.
M e a su re m e n t  of radioactivity (% incorporation):

1 D ilute radiolabelled DNA 2%  with 0.2 M EDTA, mix w ell.
2. M ake note on W hatm an DE-81 paper for washed and unw ashed, then fold

up.3 Spot 5 ul o f the solution onto the centre o f the paper.
4 ’. W ash with 0.5 M. pH 6 .8  PO 4 for 2 times, 5 min per wash.
5. Dry th e  filters under a lam p for 10 min.
6 . C ount radioactivity using G eiger'counter.
7. C alcu late  % incorporation by com parison washed and unw ashed tilter.

^ ^ T ^ -T h e  procedure m ay be used for labelling between 10 ng to 1 fxl o f DN A.
2. In general, 1 |xCi of nucleotide per ng o f input DNA w ill yield probes

labelled  to approxim ately lx U f  dpm /pg. j
3. For 10 ng o f m tDNA, 20 pC i of ^^P is required, e.g., the reference date o 

^^P is 1/5/93, from  the D ecay curve, it can be estim ated the concentration 
of ^^P by com parison to reference concentration.

-4 days before = 1.22 tim es, 20 pCi = 2pl/1.22 = 1.6 p i 
-4 days after = 0.85 tim es, 20 pCi = 2pl/0.85 = 2.4 pi

4. P repare  denatured DNA by using "DNA/agarose" for labelling as follows.
-H ea t in w ater bath at 95-100°C  for 7 min. . • r,-Incubate in w ater bath  at 37°C for 10 min, then centrifuge briefly
-u se  im m ediately. .,15. D enatured DNA from 3 tim es agarose gel should not be m ore than 25 p  .
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9. Hybridization for DNA Probing
Stock solution:

20x SSPE  
20X SSC  
20%  SD S 
10% BLO TTO  
50%  D extran Sulfate
10 m g/m l carrier D N A  (calf thymus DNA)

P re w e t^ U e r^ lo n   ̂ 5 x sS P E , then place in hybridization tube
and w arm  at 65°C.

^^r6W3shins*Prew ash with 0.5x SSPE/0.1%  SDS at 65°C for Ih.

P re h y b r id iz a t io n  :
1. Prepare prehybridization as follow.

-dH jO  
-20x SSPE 
-20%  SDS 
-10%  BLOTTO-10 m g/m l denatured carrier D N A ’ - —  .... v--- .

* The carrier DNA m ust be denatured im m ediately before adding to 
hybridization solution by heating at 100°C for 5 min then cool on ice 
im m ediately. D enatured DNA may be stored at -25°C for up to 1 w eeL

2. Place the  nylon m em brane into hybridization tube (with sam ple D 
sideup), then add prehybridization solution and carry on at 60 C tor 4-Z4
h.

7.75 ml 
0.75 ml 
0.50 ml 
0.50 ml 
0.50 ml

(1.5X)
( 1.0% )
(0.5% )
(0.5 mg/ml)

H ybrid iza tion*1. P repare fresh hybridizationsolution and pre-w arm  at 50 C.
-dH jO  ■̂ '^1-20x SSPE ^-25 m
-50%  Dextran sulfate 2.00 ml
-20%  SDS-10%  BLOTTO  ̂ 0.50 ml
-D enatured labelled probe , „ • .'  Im m ediately before use, DNA probe is boiled for 10 mm and cool 

im m ediately on ice. Mix with pre-w arm ed hybridization solution.
2. Pour o ff  the prehybridization.
3. Add pre-w arm ed hybridization solution.
4. H ybridize at 60°C for 4-24 h.

(1.5X)
( 10% )
( 1.0 % )
(0.5% )
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com pletion o f hybridization, rince out the hybridization solution. 
2. W ash at 50°C in the fo llow ing  solution ( 50 ml p e r m em brane).

-2x SSPE = rince tw ice
-2x SSPE/0.1%  SDS = 10 min, 2 tim es
-0.5x SSPE/0.1%  SDS = 10 min, 20 m in
-O.lx SSPE/0.1%  SDS = 10 min

A u to ra d io g ra p h y  .^ash rem ove as m uch excess
■ liquid as possible but do no t let the filter dry out as this m akes it d ifficult 

to rehybridize, then w rap  in plastic and seal.
2. The radioactivity of 

autoradiography.
50 cps 

15-20 cps 
10-14 cps

filte r  is determ ined to estim ate the time for
= overnight
= 1 day

3. The filter is expose to X -ray  film  (Hyperfilm^“-M P. Am ersham  ) in an X-
ray cassette with an in tensify ing screen.

4 Place the cassette at -7 0 °C  (M em brane containing m oderate or high levels 
of radioactivity can be exposed  at room tem perature w ithout a screen to
give im proved resolution). . j5. Rem ove the cassette fro m  the freezer, allow 30 m m  for them  to defrost
before developing. j  , a6. D evelope and fix the f ilm  with Kodak X-ray film  developer and fixer
solution.

10. Stock Solutions for MtDNA Analysis
a -am y lase  b u ffe r (50 m M  tr is -H C L  p H  8.0, 10 m M  E D T A , 10 m M  N aC L )

0.58  g/1EDTA 3 7 2  g/1
r i S o l v e  Tris, EDTA and N aC L  in dH^O and adjust pH  with concentrated HCL. 
Dispense into aliqouts and sterilize  by autoclaving.

0.5 M EDTA, pH  8.0 186.1 g/1
Disodium  ethylene diam ine tetraacetate  „ „  . c m  /•iu:Add EDTA into d H p  and ad just the pH to 8.0 w ith NaOH (-2 0  g o f N a  
pellets and EDTA will not d isso lve  until pH is adjusted to approxim a y . )• 
D ispense into aliquots and sterilize  by autoclaving.
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Ethidium  brom ide (10 m g/m l) ^
^ d i X ^ u T ' i o m i d e  in dH^O. Stir on  magnetic stirrer for several h o u rs  to 
ensure That the dye has dissolved. W rap the container in alum inium  fo il or 
transfer the L l u t i L  to a dark bottle and store at room tem perature.

1 N H C L
! ^ d  concentrated HCL in dH^O and adjust the volum e to 1 liter.

87.3 ml/1

10%  N on -id e t T E K  10 m l/100 ml
! l“d d 'non-M tt in TEK  buffer and sterilize through sterile bottie by n itra tion .

10%  SD S , pH  T.2-7.4 jq q  g/1
S v e l w  V  o fe lec tro p h o resis -g rad e  SDS and heat to 68"C to  assist 
dUsoSirion Adjust pH by adding a few  drop o f 1/20 concentrated H C E  and 
Sterilize through sterile bottle by filtration.
3 M  S od ium  ace ta te , pH  5.2 408.1  g/1
S « o ? v ° '! o d iu m  acetatc H^O in d H ,0  and adjust pH to 5.2 with glacial acetic 
acid. D ispense into aliqouts and sterilize by autoclaving.

5 M  N aC L
NaCL ,:D issolve NaCL in d H p  and sterilize by autoclaving.

29 2 .2  g/1

20x S S C , p H  7.0 175.3 g/1
3 M N aC L g g  2 g/1
“ois^folve N S ° ^ “ tiso d iu m  c,trate 2 H ,0  in d H ,0  and adjust pH to 7 .0  with 
a few drop o f HCL. Dispense into aliqouts and sterilize by autoclaving.

20x S S P E , pH  7.4 175.3 g/1
3 M NaCL
0.2 M NaH2P04-H20 gg 2 g/i
« e  nI c L, sodium phosphate and EDTA in d H ,0  and “ ’ f j * *
NaOH (-6 .5  ml o f a 10 N solution). Dispense into aliqouts and steri y
autoclaving.
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121.1 g/1
iD issolve Tris base in dHjO and adjust the pH to th e  desired value by adding 
concentrated H CL. Allow the solution to cool to  room tem perature before 
m aking the final adjustm ents to the pH and sterilize by autoclaving.
lOx T B E  b u ffe r  (0.89, 0.89, 0.01 M ) ^
B one acid
0.5 M EDTA, pH 8.0 • u i ^•.Dissolve Tris, boric acid and EDTA in dH^O and sterilize by autoclaving.

T E  b u ffe r  (10, 1 m M , p H  8.0) ^
ED TA;D issolve Tris and EDTA in dHiO and adjust p H  with concentrated HCL. 
D ispense into aliqouts and sterilize by autoclaving.
T E N  b u ffe r  (100, 100, 250 m M , pH  8.0)  ̂^
i n x A  g/1
N aC L:D issolve Tris, ED TA  and NaCL in dH^O and adjust pH with concentrated HCL. 
D ispense into aliqouts and sterilize by autoclaving.
T E K  b u ffe r  (50, 10 m M , 1 .5% , pH  7.5). 6.06 g/1

3.72 e/1
K C L ^  15'.00 g/1
:D issolve Tris, ED TA  and KCL in dH^O and adjust pH with concentrated HCL. 
D ispense into aliqouts and sterilize by autoclaving.
0.25 M  S u cro se -T E K  b u ffe r
Sucrose .iD issolve sucrose in TEK solution and sterilize by  autoclaving.
1.1 M  S u cro se -T E K  b u ffe r
Sucrose•.Dissolve sucrose in TEK solution and sterilize by  autoclaving. 
P ro te in ase  K  (10 m g/m l)
Proteinase K ^
;D issolve Proteinase K in dHjO and stored at -20°C .

75 g/1

376.53 g/1

10 m g/m l
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10 mg/mlRNase A  (DN ase-free)
S s s o l v e  pancreatic RN ase in TE, boil for 15 m in on w ater bath, cool at room 
tem perature, and store at -20°C.
10%  B L O T T O
Nonfat pow dered m ilk • . u ao<-:Dissolve nonfat pow der m ilk in sterile d H ,0  and store m sterile bo ttle  at 4 C.

10 g/100 ml

50% D extran sulfate
Dextran sulfate ^ *.i * /tor-•.Dissolve dextran sulfate in sterile dH^O and store m sterile bottle at 4 C

50  g/100 ml

C alf th y m u s  D N A  I
C alf thym us D N A  , r t n  ^  i e n  a•Dissolve 1 g o f  calf thym us DNA (Sigm a type III sodium salt) in 100 ml o f 0.4
M NaOH Stir on m agnetic stirrer overnight at room temperature. B oil on water 
bath for 45 m in to shear the DNA, then chill on ice and neutralize w ith glacial 
acetic acid (pH 4-7). C entrifuge to remove debris, then add two volum es of ice 
cold 99.99%  ethanol, place at -20°C for 1 h, and collect the  DN y 
centrifugation. W ash the pellet w ith 70% ethanol, vacuum dry for 10 mm, and 
dissolve in 50 ml o f TE buffer, pH 7.5. D eterm ine concentration o f  DNA and 
dilute to 10 m g/m l. Store at -20°C in 1 ml aliquots.
E q u ilib ra te d  pheno l
Redistillation phenol i na•Melt redistillation phenol at 68°C in fume cupboard, add equal volum  of 1 M 
Tris pH 8.0, shake well and leave 4-16 h for absorbtion. Remove aqueous layer 
an d ’repeat the extractions. Rem ove aqueous layer, add equal volum e of 0.1 M 
Tris pH 8.0 and 0.2%  (3-mercaptoethanol, shake well and rem ove aqueous. 
Repeat the extractions until the pH of aqueous phase is >7.8 (= 3 tim es). Store 
at 4°C under 0.1 M Tris, pH 8.0 for periods o f up to 1 month.
ch lo ro fo rm :Iso am y l a lcohol (24:1) ^ n i na•mix 24 ml o f chloroform  with 1 ml of isoam yl alcohol, then store under 0.1 
Tris pH 8 0 in dark bottle at 4°C. The chloroform  denatures proteins and 
facilitates the separation o f  the aqueous and organic phases, and the isoamyl 
alcohol reduces foam ing during extraction.







2 6 6

Trat-Ac«li

L o c u s
N o .  o f  
a l l e l e s

N a s s
C h i - s q u a r e D . F .

I n d i v i d u a l  mt DNA  
BAMHl 2 
ECOR5 3 
PVU2 3 
S A C l  2 
( T o t a l s )

0 . 6 8 6
1 . 4 6 1
2 . 2 8 6
0 . 0 0 0
4 . 4 3 2

1
2
2
1
6

0 . 4 0 8  
0 . 4 8 2
0 .  3 1 9
1 .  Ò00  
0 . 6 1 8

M u l t i p l e  mt DNA 2 . 9 4 7 . 5 6 0 . 9 0 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 8 0 9

Trat-S Java
N o .  o f

L o c u s  a l l e l e s
N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl 2 
ECOR5 3 
PVU2 4 
S A C l  2 
( T o t a l s )

1 . 7 4 6
1 . 6 5 0
6 . 7 8 8
2 . 9 9 4

1 3 . 1 7 8

1
2
3
1
7

0 . 1 8 6  
0 . 4 3 8  
0 . 0 7 9  
0 . 0 8 4  
0 . 0 6 8

M u l t i p l e  mt DNA 1 4 . 6 6 1 1 . 9 4 0 . 2 9 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 1 5 0

Trat-N Java
N a s s

L o c u s  a l l e l e s C h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl 2 
ECOR5 3 
PVU2 4 
S A C l  2 
( T o t a l s )

M u l t i p l e  mt DNA

0 . 7 5 0  
1 . 4 6 1  
6 . 7 5 0  
2 . 6 8 5  

1 1 . 6 4 6
1 9 . 5 4

1
2
3
1
7
1 5 . 3 3

0 . 3 8 6  
0 . 4 8 2  
0 . 0 8 0  
0 . 1 0 1  
0 . 1 1 3

0 . 1 7 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 1 7 5

Trat-Lingayen

L o c u s
N o . o f  
a l l e l e s

I n d i v i d u a l  mt DNA  
BAMHl 2
ECOR5 3
PVU2 4
S A C l  2
( T o t a l s )

M u l t i p l e  mt DNA

N a s s
C h i - s q u a r e

0.000 1.200 12.020 
3 . 0 7 0  

1 2 . 9 5 0
3 1 . 1 9

D . F .

1 7 . 2 6

1.000 
0 . 5 4 9  0.100 
0 . 9 0 0  
0 . 6 0 0

M o n t e  C a r l o  s i m u l a t i o n



2 6 7

aurat-Pbukat
N a s s

L o c u s  a l l e l e s C h i - s q u a r e D . F . P

I n d i v i d u a l  m t D N A  
BAMHl 2 
ECOR5 3 
PVU2 3 
S A C l  2 
( T o t a l s )

M u l t i p l e  m t D N A

0 . 5 8 2
4 . 0 0 0
2 . 4 0 0
0 . 0 0 0
6 . 9 8 2

6 . 5 0 0

1
2
2
1
6
1 0 . 4

0 . 4 4 6
0 . 1 3 5
0 . 3 0 1
1 . 0 0 0
0 . 3 2 3

0 . 8 0 0

M o n t e  C a r l o  s i m u l a t i o n  

Surat-Satun
N a s s

M u l t i p l e  m t D N A  1 . 2 9 0
M o n t e  C a r l o  s i m u l a t i o n

Surat-Kedah
N o .  o f  N a s s

L o c u s  a l l e l e s  C h i - s q u a r e D . F .

I n d i v i d u a l  m t D N A  
BAMHl 2
ECOR5 2
PVU2 3
S A C l  3
( T o t a l s )

M u l t i p l e  m t D N A

7 . 9 4 0  
1 . 6 1 5  

1 5 . 6 0 0  
5 . 9 5 0  

3 2 . 5 4 0

0 . 7 5 3

L o c u s  a l l e l e s C h i - s q u a r e D . F . P

I n d i v i d u a l  m t D N A  
BAMHl 2  
ECOR5 3 
PVU2 3 
S A C l  2  
( T o t a l s )

0 . 3 4 2  
1 . 4 7 6  
0 . 6 5 7  
0 . 0 1 5  
2 . 4 9 0

1
2
2
1
6

0 . 5 5 9
0 . 4 7 8
0 . 7 2 0
0 . 9 0 2
0 . 8 6 9

5 . 3 9

22.01 1 0 . 4 2

M o n t e  C a r l o  s i m u l a t i o n

0 . 0 0 6 *
0 . 2 0 4
0 . 0 0 5 *
0 . 0 5 1
0 . 0 0 7

0 . 0 1 8
0.012

Surat—Dunguxi

L o c u s
N o . o f  a l l e l e s

I n d i v i d u a l  m t D N A  
BAMHl 2
ECOR5 2
PVU2 3
S A C l  2
( T o t a l s )

M u l t i p l e  m t D N A

N a s sC h i - s q u a r e

5 . 4 6 0  
2 . 6 4 7

1 1 . 3 4 0
5 . 4 6 0  

2 5 . 9 0 0
1 1 . 3 4 0

M o n t e  C a r l o  s i m u l a t i o n

D . F .

4 . 1 9

0.020 
0 . 1 0 4  
0 . 0 3 0  0.020 
0 . 0 0 9

0 . 0 2 8
0 . 0 3 0





2 6 9
P l iu lc « t : - S a tu n

N o .  o f
L o c u s  a l l e l e s

N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl 2  
ECOR5 3 
PVU2 3 
S A C l  2 
( T o t a l s )

0 . 0 8 0
1 . 4 7 6
1 . 1 2 9
0 . 0 1 5
2 . 7 0 0

1
2
2
1
6

0 . 7 7 7
0 . 4 7 8
0 . 5 6 8
0 . 9 0 2
0 . 8 4 5

M u l t i p l e  mt DNA 1 . 2 9 5 . 3 9 0 . 9 4 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 9 0 0

P h u l c e t - K e d a h
N o . o f

L o c u s  a l l e l e s
N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl  2 
ECOR5 2 
PVU2 2  
S A C l  3 
( T o t a l s )

6 . 0 2 0
1 . 6 1 5

1 1 . 6 6 7
5 . 9 5 0

2 3 . 0 6 0

1 . 1 1  
1
1 . 1 1  
2

1 2 . 1 6

0 . 0 1 8
0 . 2 0 4
0 . 0 1 8
0 . 0 5 1
0 . 0 3 0

M u l t i p l e  mt DNA 2 2 . 0 1 1 0 . 4 2 0 . 0 2 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 0 1 9

P h u k o t - D u n g r u n
N o . o f

L o c u s  a l l e l e s
N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl  2 
ECOR5 2 
PVU2 2 
S A C l  2 
( T o t a l s )

3 . 4 2 0  
2 . 6 4 7
3 . 4 2 0  
5 . 4 6 0

1 7 . 1 5 0

1 . 0 7  
1
1 . 0 7  
1 . 0 6  
9

0 . 0 1 9
0 . 1 0 4
0 . 0 1 9
0 . 0 2 2
0 . 0 4 8

M u l t i p l e  mt DNA 1 1 . 3 4 4 . 1 9 0 . 0 3 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 0 3 3

P h u k e t - A c e h
N o . o f

L o c u s  a l l e l e s
N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl  2 
ECOR5 2 
PVU2 2 
S A C l  2 
( T o t a l s )

0 . 5 0 8  
0 . 0 0 0  
0 . 5 0 8  
0 . 5 8 2  
1 . 5 9 8

1
1
1
1
4

0 . 4 7 6  
1 . 0 0 0  
0 . 4 7 6  
0 . 4 4 6  
0 . 8 0 9

M u l t i p l e  mt DNA 0 . 4 0 0 2 . 7 3 0 . 9 0 0

M o n t e  C a r l o  s i m u l a t i o n 0 . 6 0 7





2 7 1

S&t:u] i~'Du2igun

L o c u s
N o .  o f  a l l e l e s

I n d i v i d u a l  mt DNA  
BAMHl 2
ECOR5 3
PVU2 3
S A C l  2( T o t a l s )

M u l t i p l e  mt DNA

N a s s
C h i - s q u a r e

5 . 2 7 0  
2 . 8 9 9  

10.010 
6 . 8 8 0  

2 8 . 9 7 0

D . F .

1 8 . 5 4
M o n t e  C a r l o  s i m u l a t i o n  

Satun-Aceh

M o n t e  C a r l o  s i m u l a t i o n  

Satun—S Java

L o c u s
N o . o f  a l l e l e s

8 . 1 9

0 . 0 2 2
0 . 2 3 5
0 . 0 3 5
0 . 0 0 9 *
0 . 0 7 0

0 . 0 1 8
0 . 0 2 9

N o .  o f
L o c u s  a l l e l e s

N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt DNA  
BAMHl 2 
ECOR5 3 
PVU2 3 
S A C l  2 
( T o t a l s )

M u l t i p l e  mt DNA

1 . 2 1 7
1 . 4 7 6
1 . 9 9 2
0 . 5 7 8
5 . 2 6 3

1 . 7 6

1
2
2
1
6

5 .

0 . 2 7 0
0 . 4 7 8
0 . 3 6 9
0 . 4 4 7
0 . 5 1 1

, 3 4  0 . 9 2 0

Individual mt DNA  
BAMHl 2
ECOR5 3
PVU2 4
S A C l  2
( T o t a l s )

Multiple mt DNA

N a s sC h i - s q u a r e

4 . 5 1 0  
5 . 4 9 0  
9 . 7 9 0  
3 . 0 7 0  

2 1 . 1 7 0
1 7 . 4 4

M o n t e  C a r l o  s i m u l a t i o n

0 . 8 0 8

D . F .

1 1 . 1 8

0 . 0 4 5  
0 . 0 6 4  
0.110 
0 . 0 9 0  
0 . 0 9 0

0.100
0 . 1 6 8

Satun—N  Java

L o c u s
N o . o f  a l l e l e s

Individual mt DNA  
BAMHl 2
ECOR5 3
PVU2 4
S A C l  2( T o t a l s )

M u l t i p l e  mt DNA

N a s sC h i - s q u a r e

3 . 7 0 0  
1 . 4 7 6  

1 5 . 6 2 0  
2 . 8 9 0  21.210
2 8 . 1 4

M o n t e  C a r l o  s i m u l a t i o n

D . F .

1 5 . 9 2

0 . 0 7 0  
0 . 4 7 8  
0 . 0 3 0  0.100 
0 . 1 3 0

0 . 0 3 0
0 . 0 1 6



2 7 2

Satun-X<lngay*n
N o .  o f  N a s s

LOCUS a l l e l e s  C h i - s q u a r e
I n d i v i d u a l  m t DN A  

BAMHl 2
ECOR5 3
PVU2 4
S A C l  2( T o t a l s )

M u l t i p l e  mt DNA

3 . 6 1 2
3 . 9 2 7

2 2 . 6 5 0
5 . 0 7 0

2 7 . 6 6 0
3 8 . 8 4

M o n t e  C a r l o  s i m u l a t i o n  

Kedah -  Dungun

M o n t e  C a r l o  s i m u l a t i o n

D.F.

1 7 . 1 7

0 . 0 5 7
0 . 1 4 0
0 . 0 0 3 *
0 . 0 3 0
0 . 0 3 0

0 . 0 0 4
0 . 0 0 6

N o . o f
L o c u s  a l l e l e s

N a s sC h i - s q u a r e D . F . P

I n d i v i d u a l  mt D N A  
BAMHl 2 
PVU2 2 
S A C l  3 
( T o t a l s )

2 . 7 4 3
2 . 7 4 3  
4 . 8 4 8  
7 . 3 8 0

1
1
21 0 . 1 6

0 . 0 9 8  
0 . 0 9 8  
0 . 0 8 8  
0 . 7 2 0

M u l t i p l e  mt DNA 1 4 . 2 7 6 . 8 3 0 . 0 4 0
0 . 0 4 2

Kedah—Aceh

L o c u s
N o . o f  
a l l e l e s

I n d i v i d u a l  mt D N A  
BAMHl  2
ECOR5 2
PVU2 2
S A C l  3
( T o t a l s )

M u l t i p l e  mt D N A

N a s sC h i - s q u a r e

4 . 5 6 0  
1 . 6 1 5
4 . 5 6 0  
4 . 0 8 3

1 6 . 9 9 9
1 9 . 2 8

M o n t e  C a r l o  s i m u l a t i o n  

Kedah-S Java

L o c u i
N o .  o f  a l l e l e s

I n d i v i d u a l  mt DNA  
B A MH l  2
E C OR 5  2
PVU2  3
S A C l  3( T o t a l s )

M u l t i p l e  m t D N A

N a s sC h i - s q u a r e

2 . 1 8 2  
3 . 6 7 0  
4 . 8 0 0  
2 . 2 8 6  

1 5 . 3 2 0
3 7 . 1 3

M o n t e  C a r l o  s i m u l a t i o n

D.F.

1 0 . 5 5

0 . 0 4 5  
0 . 2 0 4  
0 . 0 4 5  
0 . 1 3 0  
0 . 1 6 0

0 . 0 4 5
0 . 0 4 9

D.F.

3 3 . 7 5

1 . 1 4 0  1.120 
) . 0 9 1  
) . 3 1 9  
) . 6 8 0

0 . 2 7 0
0 . 2 9 0







2 7 5

Ac«li-Linsrayen

L o c u s
N o . o f  
a l l e l e s

I n d i v i d u a l  mt DNA  
BAMHl 2
ECOR5 2
PVU2 3
S A C l  2
( T o t a l s )

M u l t i p l e  mt DNA

N a s s
C h i - s q u a r e

0 . 5 0 8  
0 . 8 2 1  

1 2 . 8 1 0  
2 . 2 9 1  
8 . 5 8 0
2 7 . 5 5

M o n t e  C a r l o  s i m u l a t i o n  

S Java-N Java

L o c u s
N o .  o f  
a l l e l e s

I n d i v i d u a l  mt DNA  
BAMHl  2
ECOR5 2
PVU2 3
S A C l  2( T o t a l s )

M u l t i p l e  m tD N A

N a s sC h i - s q u a r e

0 . 2 8 3  
1 . 7 6 8  
0 . 2 3 3  
0 . 0 5 2  
2 . 3 3 6

6 . 5 4
M o n t e  C a r l o  s i m u l a t i o n

D.F.

1 1 . 3 0

D.F.

0 . 4 7 6  
0 . 3 6 5  
0 .0 2 0  
0 . 1 5 0  
0 . 6 2 0

0 . 0 0 4
0 . 0 4 2

1 2 . 4 6

0 . 5 9 5  
0 . 1 8 4  
0 . 8 9 0  
0 . 8 2 0  
0 . 8 0 1

0 . 9 0 0
0 . 7 5 0

S Java-Lingayen
N o .  o f  N a s s

L o c u s  a l l e l e s  C h i - s q u a r e
I n d i v i d u a l  mt DNA  

BAMHl  2
ECOR5 2
PVU2 3
S A C l  2
( T o t a l s )

1 . 4 5 8  
0 . 2 3 3  
3 . 1 2 9  
0 . 2 3 3  
5 . 0 5 4

M u l t i p l e  mt DNA  
M o n t e  C a r l o  s i m u l a t i o n  

N Java-Lingayon

4 6 . 0 2

L o c u s
N o .  o f  
a l l e l e s

N a s sC h i - s q u a r e

M o n t e  C a r l o  s i m u l a t i o n  
= s i g n i f i c a n t  d i f f e r e n c e

D . F .

4 2 . 4 8

0 . 2 2 7  
0 . 6 3 0  
0 . 2 0 9  
0 . 6 2 9  
0 . 4 0 9

0 . 2 0 0

0 . 1 6 8

D . F .

I n d i v i d u a l
BAMHl
ECOR5
PVU2
S A C l( T o t a l s )

mt DNA
2
2
3
2

0.582 
0.821 
2.154 
0.582 
4.138

1
1
2
1
5

0.446 
0.365 
0.341 
0.446 
0.530

M u l t i p l e  mt DNA 57.64 51.88 0.200
0 . 1 9 4



Glossary
Allele One or m ore alternative forms o f a gene, each possessing a unique 
nucleotide sequence and affecting the structure and/or function o f a single 
product (RNA and/or protein).
Allozym es Enzym es differing in electrophoretic mobility as a result o f allelic 
differences at a single gene (cf. Isozym e).
A u to ra d io g ra p h  Image on an X-ray film  created by radioactive or 
chem ilum inescent labelled DNA fragments.
Uase o a irs  (bp) A single pair of com plem entary nucleotides from  opposite 
s t r a n d L f  the D N A  double helix. The number o f  base pairs is used as a m easur 
of length of a double-stranded DNA.
B ottleneck Fluctuations in allelic frequencies w hen a large
f h r o X a  contracted stage and then expands again w ith an altered genetic
composition as a consequence of genetic diift.

h l r o z y g L i y  decrease as >he accual populalion under considcrauon.
FIcctroD horcsis The scparalion o f m acrom olccules (e.g. enzym es o r D N A ) in 
Ure ore"e!rĉ ^̂ ^̂ ^̂ ^̂  eleerric eurTenr. In m olecular genedes, di ferences m charge 
sizc^or shape (i.e. differences in eleclrophorctic m ohdny) o f  Ihe m acrom olecul ,
arc used to estim ate genetic differentiation.
G ene How The m ovem ent o f genes into or out o f a population by interbreeding,
or by migration and inlcibleeding.
r  enetic d is tan ce  A nteasure o f the number o f  allelic substitutions per gene that 
have occuied during the separate evolution ol two populations oi species.
G enetic  d r if t  V ariation m allele frequency from  one generation to 
m dm nce nu,nations. It is generally greater in  populations with small effeettve
populatiii size and high inbi ceding.
G enetic m a rk e r  A genetically inherited variant from which the genotype can 
be inlcrrcd from  the phenotype as idcntilied during genetic scicenm g.
H aiilotype Nucleotide sequence o f an individual’s m tDNA genes charcterized 
by ' r S w l o n  fra g m e n t leng th  p o ly m o rp h ism s (R F L P s) or direct sequencing.
ll is the m ullilocus analogue of an allele.



I l l

L ocus A physical position o f a gene on a  chrom osom e, plu.  loci
R eco m b in a tio n  The occurence o f progeny with gene com binations other than 

their parents, caused by the independent assortm ent of 
S . r J " m e s  and g am « es  in a sexual species o r by cross,ng-over be.w een
chrom osom es.
R estriction enzym e A n enzym e that cleaves double-stranded DNA. T ype I are 
not sequence s ^ c if ic ;  typell cleave DNA at a sp e c ftc  sequence o t nucleottde. 
known as restriction  o r recogn ition  sites.

Restriction fragm ent length polym orphism  (R Fl-Ps) ' ' f. . .  • ¡r, »hfs Ipnpih o f D N A  fragments generated by a specitic
r e i^ k t io n T n z r m e  ^uch  variation is generated either by base
cause a gain or loss o f sites, or by insertioiydeletion m utations that change th
length o f fragm ents independent o f re s tric tio n  site change.

(R F L P s).


