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Abstract

The freshwater prawnylacrobrachium rosenbergi(de Man, 1879) is an important
aquaculture species but one that has the disadyarif heterogeneous individual
growth (HIG) according to different morphotypes. eGfical cues, especially,
pheromones, are one of the most important commiioicaéypes between individual
prawns, along with visual and tactile methods. ifigspheromones, whilst restricting
other cues, may therefore lead to a better unawelisig of the influence of these
communicatory compounds on the prawn reproductireegss. The three principle
objectives of this study were therefore: 1) To ekemrthe effect of moult stage and
morphotype on pheromone-induced sexual behavioulT®)examine the role of
pheromone / urine concentrations on sexual attnadbehaviour 3) To describe the
functional morphology of the antennal gland and nex& its possible role in

pheromone production and release.

Identical bioassay tanks were designed and consttuto study the reproductive
behaviour of prawns. Experiments were set up tana@xa responses to pheromone
release by live prawns over 30 minutes and behaalicesponse observations were
made with the aid of a Closed-Circuit Videotape t&ys (CCVS). Results were
statistically analysed using a repeated measuraergelinear model (GLM). Three
trials were designed to test the effect of mowgstof both males and females and male
morphotypes on sexual attraction behavioural resggnTwelve prawns were used for
each trial and each prawn was used five times (phawomone control and 4 for
experimental tests). The first trial studied thieeif of female moult stages (pre-, inter

and newly-moulted) on sexual attraction behaviduoloe claw (BC) male. Results of
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this trial showed that newly-moulted females spgighificantly (<0.05) less time

approaching the BC male than the pre- and interlnf@nnales. The second trial studied
the effect of male moult stage (pre-, inter and Iganoulted) on sexual attraction to
receptive females. Results showed that the timentdly the inter-moult males was
(p<0.05) less than the pre- and newly-moulted madespproaching the newly-moulted
female. The third trial tested the effect of malerpiotypes (small male, SM, orange
claw, OC and dominant blue claw, BC) on sexuahation behaviour towards newly-
moulted females. Results showed that the BC malke significantly more attractive

(p<0.05) than other morphotypes to newly-moulted feasand that the OC male was

the least attractive.

The role of moulting stage for both male and fenpakeawvns on reproductive response
behaviour was investigated. Because BC males redgposignificantly faster towards
newly-moulted female more than to either pre-oermhoult females, results of the first
trial suggest that BC males are able to use diftetkemical cues to gather information
about a conspecific’'s gender and can differentfateale’s moult stages. Since BC
males responded significantly faster towards newbulted females more than to either
pre-or inter-moult females, this suggests that femat this particular stage released a
distinct sexual pheromone or concentration of pmere that differed from those

pheromones released by both pre- and inter-maulalies.

In contrast, newly-moulted females prefer the im@ult BC males which indicate that
females have an ability to distinguish the moudttiss of BC males. Furthermore, it

indicates that pheromone characteristics changke thi#g moult status of BC males.
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Also, newly-moulted females are most likely to meiding the potential costs of mate

guarding with soft shell BC males.

Results obtained from the third trial suggestedt thanewly-moulted female can
discriminate male morphotypes (SM, OC and BC) fribrair pheromone cues. This
indicates that male morphotypes release pheromehesh differ from each other in
some way. Newly-moulted females responded posjtisceboth SM and BC males with
different levels of attraction with the greatestraation to BC males to BC males
suggesting that pheromone released from the BC majecarry information relating to

dominance status.

Urine is believed to be one of the main carrierploéromone and is usually released
from the antennal gland. Different urine conceirat (0.1, 1.0, 2.0, 3.0, 5.0 and 10ul
1Y) of collected urine from BC males were used to tles sexual attraction behaviour of
receptive newly-moulted females. Also, the attnactapability of fresh urine following

exposure to different temperature regimes (cootetf@, frozen at -70°C and heated at

70°C) was tested.

Since newly-moulted femal®l. rosenbergiiwere attracted to BC male urine, this
indicates the existence of sex pheromone in thehfrgine. Also, it was found that the
sexual response of females to fresh urine of Besnadas directly proportional to urine
concentration with faster responses observed witheasing urine concentrations. At

the three fresh urine concentrations 0.13111.0 pl I* and 2.0 pl't, statistical analysis
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indicated no significant differenc@X0.05) between these three concentrations while a
significant P<0.05) response was to concentrations more thamuBIG. This may
indicate that these three concentrations were uiitient to elicit attraction behaviour

in newly-moulted females. A concentration of 3.0 hbf fresh urine is suggested to be
a sufficient concentration to elicit a significaséxual attraction under laboratory

conditions.

Response of newly-moulted female prawns to theouartemperature treatments tested
declined in response to nominally increasingly ddgtive treatments. Also, statistical
analysis showed that temperature treatment andeotration added both had a
significant effect on the response of females. Tneatest degradation of urine
attractiveness was found with the 70°C heat treattimie can be concluded that the

pheromone components of prawn urine are friablenvehg@osed to high temperatures.

Using light and transmission electron microscopésastructural observation of the
antennal gland (AG) oM. rosenbergiisuggests that it has four distinct regions, the
coelomosac, the nephridial tubules, the labyrimil the bladder. Morphological and
functional descriptions of each of these regionseweompared with those of other

aquatic Crustacea.

Keywords: Macrobrachium rosenbergiifreshwater prawn, mating behaviour, moult

stage, urine concentration, pheromone, antennatigla
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Chapter 1 General introduction and literature review



1.1Background

The Malaysian giant freshwater pravwiacrobrachium rosenbergide Man, 1879)
is considered as one of the largest size freshwatewn species for aquaculture.
This species is widely-distributed through tropiaabtl subtropical zones (see Figure
1) where its range extends from Australia to Newn@a, and to the Indus River
delta (Johnson, 1960; George, 1969). Farminlyl ofosenbergii however, has been
expanded elsewhere even to temperate zones imetiffearts of Asia, Africa and

both Americas (New, 1990).

In the decades of 1950 and 1960, the demandifaosenbergiigrew very quickly
as a result method for its culture was developedg(L1969; Uno and Kwon, 1969;
Fujimura and Okamoto, 1972). Aquaculture Mf rosenbergiihas therefore been
established for more than 30 years. World aquaaifitoduction has increased more

than ten times from the year 1994 to the year 2686, 2008).



Figure 1: Geographical distribution of M. rosenbérgAdapted from Holthuis, L.B. 1980. FAO specieslogtze. Vol.1. Shrimps and prawns of the world.
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Macrobrachiumis considered to be one of the largest generaeobtder Decapoda
belonging to the family Palaemonidae. All “freshardtprawns, which have been
used for aquaculture, belong to the genusMlatrobrachium About 200 species
have been described in this genus which mainlyslive freshwater (New, 1990;
Holthuis, 2000). However, only 24 species are atareid to be fully freshwater and
one is marine Nl. intermediuny (Holthuis, 1980) but the majority such &4.
rosenbergii(Brown, 1991) require brackish water for part brtlzeir developmental

cycle.

Table 1. The table below provides the classificafar M. rosenbergiiaccording to

Wickins (1976); Holthuis (1980) and Bowman and Abgl982).

Table 1: Taxonomy of1. rosenbergii

Phylum Arthropoda

Superclass Crustacea (Pennant, 1977)
Class Malacostraca (Latereille, 1806)
Order Decapoda (Latereille, 1803)
Suborder Natantia (Burkenroad, 1963)
Family Palaemonidae (Rafinesque, 1815)
Genus Macrobrachium(Bate, 1866)
Species rosenbergii(de Man, 1879)




1.2 History

Extensive fish farming was practiced in China atyess 4,000 years ago (Hickling,
1962). However, crustacean aquaculture techniques rasearch are relatively
modern. It has been demonstrated that modern aljuacof M. rosenbergiistarted
in the late 1950s but the exact beginning yearthadirst person that discovered this
modern aquaculture for this species is in debate.3Dao-wen Ling began his
research in July 1959 in Penang, Malaysia (New0200wo years later, in June
1961, Ling had discovered that brackish water seeal for the larval survival and
development, and then he completed the life cy€lbev, 1990). Funge-Smith
(1991), however, reported that John (1957) wasfitis¢é person to discover the
necessity of saline water for tid. rosenbergiilife cycle when he observed the
absence of larvae in freshwater trawls, but thay threre present in brackish water.
Dr. Ling’s success and publication became a lanknaad the technology spread
rapidly. Following Shao-Wen Ling's discovery ofakrearing requirements for the
freshwater prawml. rosenbergiin Malaysia during 1961, in 1965, Takuji Fujimura
along with his research team applied Ling's discpvéo commercial mass
production in Honolulu, Hawaii, and they then disited their techniques to some
southern states of the USA (Wong and Brock, 19®Wijhin a decade, there was
considerable growth in interest in culturikg rosenbergiin several countries (New,
2000). Later, significant mass production industtier this species were started in
Asia (both Thailand and Taiwan) (New, 2000). FroothbSouth-East Asia and
Hawaii, hatcheries, brood stock and grow-out reseand commercial experiences
were introduced to many countries wheve rosenbergiiwas not native (New,

2000).



1.3World production

Both marine shrimp and freshwater prawn specie® lBacome very popular and
therefore increasingly important as an aquaculgreduct. The production of
cultured shrimp and prawn around the world is iasheg to meet the high market
demand. Although, marine shrimp are the most contynoultured species, the
culture of freshwater prawn species, especidlly rosenbergii have become a
significant and valuable sector of global aquacelt(New, 2005)M. rosenbergii

now grows on five continents (Africa, North and 8oAmerica, Asia and Europe);
Asia (particularly China) dominates world aquacrdtproduction. The most recent
information (see Table 2 and Figures 2-4) whichwshiat the world aquaculture
production ofM. rosenbergiiwithin twelve years increased from 30,633 MT 949

to 210,634 MT in 2006 (FAO, 2008) which indicatée thigh demand and the

importance of this species in freshwater aquaceiltur



Table 2: World aquaculture production of the mashmon marine shrimp species avldrosenbergifrom the year 1994 to 2006 (FAO, 2008).

D

Year 1994 1996 1998 2000 2002 2004 2006
Species
Penaeus vannamei 1onne 120,581 140,348 193,512 145,386 473,449 1,297,985,090835
US $1000 723,583 847,847 1,019,74F 792,883 2,284,076 4,884,1| 7,720,509
Penaeus monodon| Tonne 559,363 536,891 503,005 630,984 631,571 707,872 42687
3,896,094 | 3,860,051 3,215,348 4,518,801 3,631,413613854 3,041,438
US $1000
Penaeus indicus | Tonne 10,926 8,668 10,993 16,444 25,774 33,085 28,215
UsS $1000 | 33,512 31,965 51,802 76,582 133,42( 181,719 218,423
M. rosenbergii Tonne 30,633 67,012 90,133 143,620 188,358 217,893 240,63
US $1000 173,616 313,633 393,788 516,752 696,517 968,655 45k04
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Figure 2: A comparative world aquaculture produttimantity (metric tonnes) of the most common
marine shrimp witiM. rosenbergifrom the year 1994 to 2006 (FAO, 2008).
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Table 2 (above) shows that the world aquacultuoelyction of all the four cultured
species is increasing, the production ratélofrosenbergiiis increasing faster than
many marine shrimp species. Also, in the Figuraldbye) it shows that the world
aquaculture production rate from the year 19940062P. vannameiP. monodon

P. indicusand M. rosenbergiihad increased around 16.3, 0.14, 1.6 and 5.9 times
respectively, (FAO, 2008). This increasing cultaféM. rosenbergiiis probably due

to several reasons such as the sustainabilityuibureng of this species in the inland
areas, to their relatively easiness compared totier marine shrimp species and to

fulfil the increasing global market demand.

1.4 Advantages ofM. rosenbergii culture

M. rosenbergiiculture has some real advantages over culture ayfne shrimp.

Several environmental and social conflicts caugethbe negative impacts of poorly-



managed shrimp farming have been reported (Alagargw 1995; Patil and
Krishnan, 1997). These include mangrove destructafination of agriculture land
and consequent impacts on biodiversity, captureefiss and pollution of coastal
waters. Subsequent, to aquaculture developmentwsgar from shrimp ponds
salinised not only the soil but also both the gobuwand well water which then
affected human and agricultural water use. Addéilyn in marine shrimp farming
there are high risks of viral disease such as th@éa\Spot Syndrome Disease (WSD)
which has had severe impact on the success of garming. Such problems have

not been associated with prawn culture.

Freshwater prawn culture in general and thd¥ofosenbergiiin particular became
more attractive especially when the shrimp producslowed down in the 1990s.
Thus, to some extent). rosenbergiiproduction compensated for the loss of shrimp
production. There are some other advantages afroutthe freshwater prawn. They
do not need to be cultured in coastal areas bethagespend most of their life cycle
in freshwater. In fact, they are often culturedniand locations, especially the grow-
out phase, where they can be closer to large umekets. In addition, this can be
considered as an important source of income forrtin@ families who live away
from the sea coast. The life cycle of this spemasncomplicated and thus it can be
easily cultured for the complete life cycle, unlig@me other shrimpM. rosenbergii
do not appear to be vulnerable to most of the dis¢ases that affect marine shrimp
species production (Brown, 1991; Tidwealt al, 2003). M. rosenbergiihas an
omnivorous feeding habit which gives them the ativge of wide availability and

low costs of feed resources. In addititdh, rosenbergiihas become a favoured food
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source for human consumption in many countries.additional benefit is that.
rosenbergiiis a good candidate for commercial polyculturehds been reared with
many species of fish including catfish, tilapia @tinese carps in the USA (Buek
al., 1981; Behrendst al, 1986), grass, silver carp in Thailand (Tunsutagaet al,
1982); Chinese carp in Guam (Fitzgerald and Nel$6ii9); bighead and grass carp
in Taiwan (Liao and Chao, 1982); channel catfislheauisiana (Lamon and Avault,
1987) and Mississippi, USA (Heinat al, 1989); golden shiners in Louisiana, USA
(Perry and Traver, 1987); and Nile tilapia and camntarp in Saudi Arabia
(Siddiqui et al, 1996). Also, M. rosenbergii culture has a high potential for
integration with other sectoral activities suchaagiculture and animal husbandry

(e.qg. rice field and poultry production) (Zimmermeaamd New, 2000).

1.5 Aquatic water conditions

Environmental requirements such as water temperatalinity level, total water
hardness, pH level, alkalinity and dissolved oxygee keys to successfid.
rosenbergiigrowth and development. However, temperature msagr factor not
only for growth but also to the timing of spawnifQanielset al, 2000). Many
authors have shown thit. rosenbergiihas quite a narrow range of environmental
parameters in which it can thrive. Works of sucthats will be demonstrated below
at each parameter condition. A review of most commvater conditions parameters

related to thévl. rosenbergiwill be illustrated as shown below.
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1.5.1Water temperatures

Throughout the literature, it has been reported tih@re are several rearing
temperature ranges fdvl. rosenbergiiaccording to different growth phases. The
adult prawns are not only euryhaline but tolerateide range of temperature (18°C
to 34°C) (New, 1990; Danielst al, 2000). The optimum temperature range is,
however, believed to be from 26°C to 32°C (John71%%ao 1967; Sandifer and
Smith, 1985; Daz and Ohno, 1986; New, 1990; Arrigneinal, 1994; Daniel®t al,
2000). Danielset al. (1992) suggested that as water temperature desretse
number of eggs decreases, the time of egg develttpnareases and fungal growth
on eggs is promoted. In addition, water temperafoli@g/s a role in ovarian
maturation, moulting and spawning. The peak spagvnieamperature ofM.
rosenbergiiis from 29°C to 30.5°C (Rao, 1991). A study by ¥&zaJustoet al.
(1991) tested the effects of three water tempezat(4°C, 28°C and 32°C) on
growth rate and frequency of reproductive moultseyl found elevation of water
temperatures to 32°C enhanced the growth ratetenteiale’s reproductive moult
more than temperatures of 24°C and 28°C. Otheiaz Bnd Ohno (1986) tested
different rearing of temperatures (22°C-34°C) Nbrrosenbergiiand found that the
optimal temperature for survival rate to metamogovas 28°C. Highest food
consumption was found when water temperature wastanaed at 32°C. Niet al.
(2003) concluded that 33°C was considered to bewbek equal to the optimum

temperature for growth and food consumptioiMofrosenbergiipost-larvae (PL).

Survival, activity and growth it. rosenbergiiare directly affected by surrounding
water temperature. A study on the critical minimand the critical maximum lethal

temperatures for post-larvae and juvenileMofosenbergiiDiazet al, 1998) found
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that they die at 16°C and 42°C. Others, howevemdahat the mortality increases
rapidly at a sustained temperature of less tha@ 39l at 33°C and above (Sandifer
and Smith, 1985). Low temperatures may slow or ptagvn growth. Akiyamat al.
(1982) reported that when water temperature is atrgge of 18°C—-22°CM.
rosenbergiigrowth is inhibited. New (1990) reported that thater temperatures

below 14°C or above 35°C are generally lethaMorosenbergii

1.5.2Salinity

Salinity is the presence of dissolved salt coniteat body of water. Also, salinity can
be defined as a measure of the quantity of disdobadts in waterM. rosenbergii
larvae require saline water for their growth angled@oment. The salinity is one of
the most crucial factors for the larval rearing ghafM. rosenbergii(Danielset al,
2000). Literature suggested a range of optimahialvalues forM. rosenbergii(e.qg.
12 - 16%0, Sandifeet al. (1977), 8 - 17%0, Sandifer and Smith (1985) and 18%o,
New (1990). Although juvenile and adult stageshig species can live in a relatively
wide range of salinity levels, they prefer the lneater habitat for growth and
reproductive activities. In captivity, a salinity ©8%. could be survived by larval
stages (George, 1969). When post-larval staged.absenbergiiwere exposed to
high salinities, the mortality began at 25%. and@ased rapidly in salinities of 30%o
and higher (Sandifezt al, 1975). Brooders are usually held in a varietgaifnities
between fresh to brackish water <15%. (Danalsl, 2000). When berried females
are kept in brackish water, New (1990) found the&chability was higher than in

freshwater.
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1.5.3Water hardness

The hardness of water is due to the presence aticaland magnesium minerals that
are naturally present in the water. The usual sgjreshard water supply are scaling
inside kettles, poor lathering of soaps, and sdMater hardness is also an important
factor affecting survival, growth and reproductiaetivities of M. rosenbergii
Usually, crustaceans require minerals, especialgium and magnesium, not only
for building the exoskeleton (shell) but also faolbgical processes (Sandifer and
Smith, 1985). Cripps and Nakamura (1979), howetested prawn in 500 mg lof
total hardness in water and they observed the noguale duration was significantly
increased. They believed that precipitation of Ca@prawns was associated with
hardness levels greater than 300 thgThus, it is recommended that water hardness
level be lower than 300 mg' ICaCQ. Other studies (Cripps and Nakamura, 1979;
Vasquezet al, 1989; Arrignonet al, 1994) recommended levels of water hardness
to lie within the range of 20 to 200 mg for optimal M. rosenbergiigrowth.
Wickins (1982) suggested that the optimal Ca€ancentration in the water should
lie between 65 and 200 md.INew and Singholka (1985) recommended that water
hardness levels fovl. rosenbergiishould be below 150 mg nd above 40 mg'lof
CaCQ content. However, New and Singholka (1985) prefkthat water hardness
to be lower than 100 mg*l Brown et al. (1991) investigated the growth ®.
rosenbergiijuveniles in different ranges of water hardnes$o(326 mg T CaCQ)

and they found the maximal growth was at a leves baan 53 mgi CaCQ.

1.5.4pH

The concentration of hydrogen ions is commonly egped in terms of the pH scale,

where it is a measure of the acidity or alkalinifya solution. Aquatic crustacean
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species are vary in their optimal of surroundedewpt scale. Generally, it has been
reported that the optimal pH levels for prawns ungétl in ponds should lie in the
region of 7.0 to 8.5, and should not remain forgl@eriods below 6.5 or above 9.0.
The optimum pH of rearing water f. rosenbergiis 7.0 — 8.0 (New, 1990; 1995).
Law et al. (2002) reported that the optimum pH #r rosenbergiiis 7.0. They found
that the egg hatchability d¥l. rosenbergiiis extremely sensitive to the pH in
brackish water. They reported that at 12%o, the dsgjthatching rate was 92.2% at
pH 7.0. When the pH changed to 6.5 or 7.5, thehegghing rate decreased to 5.0%
and 13.3% respectively. However, they observedatohing at all at pH of 5.0, 8.0,

9.0 and 10.0.

1.5.5Dissolved oxygen

Prawn requires oxygen for respiration which is asglfrom the water by diffusion
across the gills. Usually, prawn metabolism adéptaniting oxygen concentrations
by reducing non-obligatory activities such as swingn processing feed, digesting
food and growing (Boyd and Zimmermann, 2000). Ohthe factors that influence
the dissolved oxygen (DPrequirements for aquatic crustacean speciesdyg bize.
Sandifer and Smith (1985) reported that largerviddial prawns require more DO
than the smaller ones. This means that larger iehgli/s are more vulnerable to low
oxygen concentrations. Water temperature playsgaifgiant role in a prawn’s
respiratory rate, the higher temperature the hidgh@s consumption. Sharp (1976)
(cited in Sandifer and Smith, 1985) found that 0.2 g (dry weight) prawn at
which the DQ concentration is limiting is 2.1 mg lat 23°C, 2.9 mg! at 28°C and
4.7 mg ' at 33°C. At lower concentrations, stressful cdodi and eventually

mortality is likely to occur, however, DOconcentrations should always be

15



maintained above 3 mg'Ibecause chronically lower levels of dissolved @tyg
throughout the growing season can markedly imp&tdy. Thus, it is preferable that
the DQ level in a prawn pond lies between 6—8 mghut levels as low as 1.0 mg |
are not tolerated (Avault, 1987) evidently, whea tther culture condition are at on

a best possible levels.

1.6 Morphology

M. rosenbergiiwas first described in detail by De Man (1879). rMwlogical
description of the main body external parts is shawthe Figure 5.M. rosenbergii
has an elongated body and is circular in crosgesecthe prawn’s body is usually
greenish to brownish grey in colour and consiststwb distinct parts: the
cephalothorax, which consists of 14 segments (arusf the head and thorax), with
the first one being vestigial, and the “tail’/abdem consisting of 6 segments. The
cephalothorax which is covered by a quite hard aloskield called the carapace.

This carapace ends anterodorsally in a teethedbagdostrum.

In comparison with Penaeidae, as shown in the Eigu(below) the pleura of the
second abdominal pleura of the Palaemonidae, suibh eosenbergiioverlap those
of the first and third pleura, while in the penasidimp they overlap each other like
tiles on a roof (McLaughlin, 1979). In addition.etfPalaemonidae have a smooth
rounded dorsal abdominal surface of the last abdalhsegment (see Figure 7
below) while most Penaeidae have a simple or camppdige at the dorsal apex of

the abdomen (Fincham and Wickins, 1976).
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Figure 5: External morphology of freshwater pravnrosenbergii Drawing based on Forster and Wickins (1972). &mulew and Singholka, 1985.
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abdominal segments
{ somites)

pleura of 2nd abclaminal
segment overlaps both the
15t and 37 somite

in carideans

pleura of 20 abdominal
segment of penaeids only
averlaps the thrid somite

CARIDEA PENAEIDEA
(includes Macrobrachium rosenbergii) (inchsdPenaeus spp.)

Figure 6: Freshwater (caridean) prawns can alstigtimguished from penaeid shrimp by looking at the
second pleura on the abdomen (see arrow). AdagiedEmanuela D’Antoni, after Fincham and
Wickins (1976), FAO Fisheries and Technical Paper 428.

M. rosenbergii P. latisulcatus Farfantepenaeus duorarum

Figure 7: The body shape of freshwater praviMs (0senbergiiis different to that of penaeid shrimp,
as these cross sections of tffeadominal segments show. Adapted from Emanuela, After
Fincham and Wickins (1976), FAO Fisheries and TadiPaper No. 428.
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1.7 Morphotypes

Morphotype characteristics, in both gender$/ofrosenbergiiare almost identical from
early stages to pre-maturation stage when they terak variable, especially males
(Nagamine and Knight, 1980; Ra’anan and Cohen, ;18&%v, 1990). They can be
sexually differentiated when the gonopores in julesnfirst appear at 5.9 mm and 7.6
mm Carapace Length (CL) for male and females, ms@dy. According to Nagamine
and Knight (1980), male gonopores are located enbtse of the coxae of the fifth
pereiopods (walking legs) and are covered withsflahe second pereiopods “chelipeds
or chelae” are very distinct morphological charastie between males and females, in
which males are larger and thicker than femalegthEtmore, on each second pleopod
(swimming legs) of the abdomen for both males amdales have an appendix interna.
However, in addition to the presence of appendieria, males have an appendix
masculina. However, the appendix masculina appehen males reach about 30 mm
total length (TL) and is fully developed at sizewnd 70 mm TL (Tombes and Foster,
1979; Nagamine and Knight, 1980). Thus, the presesfcthe appendix masculina
indicates a male while the absence of this padicorgan indicates a female. Once
reaching sexual maturation, however, males diffl@mfeach another and from females
in their chelae colour, relative chelae length,l@bddhickness and spination (Ra’anan
and Cohen, 1985; Kurigt al, 1987; New, 1990) in their reproductive behaviour
(Ra’anan and Sagi, 1985) and growth rates (Ra’amanCohen, 1985). Differentiation

of male morphotypes will be illustrated later imstBection.

In contrast, females are, relatively, smaller iresihave smaller heads, shorter and

slimmer chelae than males, but they have a unitgrofi chelae colour, thickness and
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length (Sandifer and Smith, 1985). According to &lagme and Knight (1980), female
M. rosenbergiican be distinguished by the presence a pair obgumres with oval
appearance covered with a membrane which are tbaatethe medial surface at the
base of the third pereiopods (walking legs). Femalso have special reproductive
setae on the thorax and pleopods (Sandifer anchS&#85). Those characteristics can
be clearly noticed when the female reaches aboun20CL (Nagamine and Knight
1980). They stated that there are two types ofodkmtive setae that appear on mature
females. The first is the ovipositing setae which lacated in the posterior margin of
the sperm receptacle area and the pleopods. Theyna@stly permanent, on the coxae of
the last three pairs of pereiopods where the p@®guide the eggs during spawning.
The second type of setae are the ovigerous whiehfarnd only following a pre-
spawning moult and their main function appears ftox dhe fertilized eggs to the

pleopods for brooding.

Proportionately, in comparison with females, mdiase larger heads and the second
pereiopods are longer, thicker and they have mobeist and spinous claws than
females (Ling, 1969a; Smitkt al, 1980). Males oM. rosenbergiican be categorised
into three main developmental stages accordindéo tmorphological characteristics
(Nagamineet al., 1980; Sagiet al, 1986). The first one is small male (SM) in which
only the gonopore complexes are present and havwegight range of 1-10g, (~ 6 to
10mm CL) (Nagaminet al.,1980; Saget al, 1986). The second one is orange chelae
male (OC) in which only the gonopore complexes @mpendixes masculina are present
and having a weight range of 10-50g (~10 to 28mn) Which they comprise about

40% of the males (Nagamire¢ al, 1980; Saget al, 1986). Finally, the blue chelae
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male (BC) that have gonopore complexes, appendnessulina, and mature chelipeds
present and having the largest weight more than @3mm CL) represent the
remaining 10% of the male population (Naganehal, 1980; Saget al, 1986). Small
males and BC actively participate in mating andilfezation, investing little energy in
somatic growth, while OC males are characterized fgist growth rate and reduced

reproductive activity (Ra’anan and Sagi, 1985; $agail, 1986).
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Figure 8: Different morphotypes bf. rosenbergii SM: small male, OC: orange claw male, F: female,
and BC: blue claw male.
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1.8 Mating

Mating in the giant freshwater prawh rosenbergiiis guided by numerous behavioural
and morphological features that promote reprodactietween genetically compatible
individuals. Mating behaviour iM. rosenbergiihas been discussed by several authors,
including Ling (1969) and Sandifer and Smith (198&hen the surrounding conditions
are suitable, mating will occur. However, the bebar associated with the mating can
vary with the social hierarchy. Mating takes placefresh water where the sexually
mature male will flip the female on her back andl wiign himself above her while
holding her in position with his chelae and thempalgting a mass of sperm on the
female ventral surface between the cephalothorast abdomen. Mating inM.
rosenbergiiwas reported to occur after a pre-mating moulfeshales (Ling, 1969;
Chow et al, 1982). New (1990) described that matingMn rosenbergiitakes place
between dominant males with a ripe ovaries femidlashave hard-shell and soft shell,

recently moulted female.

1.8.1Primary mating strategy

M. rosenbergiiexhibits different patterns of mating. Each of theee sexually mature
male morphotypes has its own mating pattern. Whema¥emale becomes receptive to
fertilisation, large BC males are able to courivedy and protect females prior to and
during mating (Ra’anan and Sagi, 1985; Satgal, 1988). BC males spend most of the
time resting and grooming themselves, otherwis@y tlare displaying agonistic
behaviour against all other approaching individwalsctively courting and protecting

the receptive female (Karplet al, 2000). Ra’anan and Sagi (1985) found the BC is
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significantly higher in reproductive success anttdrein guarding receptive females

than the other male morphotypes (SM and OC).

The OC are rapidly growing compared to the SM afdrBales and are considered an
intermediate phase from the SM to the BC morphatyj@agiet al, 1988). Also, it has

been reported that the OC males are sub-domina@hivane never observed courting
and protecting a receptive female (Ra’anan and, S8§#5). However, Ra’anan and

Sagi (1985) found occasional fertilisations by timisrphotype (OC) have had occurred.

Small males, are not territorial, sub-dominant hg B8C males and highly mobile
consistent with their small size (Peebles, 198 &4 al, 1988). Also, SM, have
relatively large reproductive systems (Sagi ancaRan, 1988), and their testes contains
relatively large amount of mature sperm and areselgt engaged in spermatogenesis
(Sagi et al, 1988). On several occasions when only SM malege vpeesent with
females, a successful fertilisation was observed'aftan and Sagi, 1985). It was
observed that the sub-dominant $Mrosenbergiiemploys a sneak copulation strategy
(Teleckey, 1984). The SM use the sneak matingctastavoid direct competition with
the larger morphotypes males (BC and OC), whicle @ttvantage of their small size
and agility to sneak toward the female and quidkiysfer spermatophores (Ra’anan
and Sagi, 1985). This alternative mating stratedligs on numerous attempts but with

relatively little reproductive success (Ra’anan &agji, 1985).
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1.8.2Alternative mating strategy

Achieving a high dominant status may require costiyource investments such that
individuals who are at a competitive disadvantagey nmprove their reproductive
success by avoiding direct competition and adopim@lternative tactic with relatively
lower costs (Dominey, 1984). In the case of polygas species, however, the
reproductive success of males depends on male-coat@etition and aggression; the
suppressed individual males sometimes adopt amatiee mating strategy. Austad
(1984) defined the alternative mating behaviour day discontinuous variation in an
aspect of reproductive behaviour among one sexirwdhsingle population”. When
competitive between the dominant and the sub-damhimales, the ‘sneak’ strategy is
one of most common alternative mating among seveoglulations within animals
which is basically characterised by speed. It im@mn that males who use sneak
mating as an alternative strategy are comparatigetpll and do not present large

fighting structures (Ra’anan and Sagi, 1985; Shu$@87; Clark, 1997).

In several animal cases, individuals practice oalysingle reproductive strategy
throughout their lifetimes but alternative matingttprns are part of a developmental
sequence during a single lifetime (Dominey, 1980he sub-ordinate males are
adopting an alternative tactic to gain access hagm mate with receptive females
without courting. This approach has been obsenadonly in insects (Alcoclet al,
1977; Ward, 1983) but also in several species abtacean such as helmet crab,
Telmessus cheiragonu@amio et al, 2003), the spider crald,ibinia emarginata
(Lauferet al, 1992; Laufer and Ahl, 1995), the snow cfationoecetes opiligSainte-
Marie et al, 1997), the American lobstétomarus americanugWaddy and Aiken,

1990), the rock shrim®hynchocinetes typuy€orreaet al, 2003; Correa and Thiel,
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2003a; Hinojosa and Thiel, 2003), the marine ampuhiprustaceadassa marmorata
(Clark, 1997),J. falcateand Microdeutopus gryllotalpgBorowsky, 1984, 1985a) and

marine isopodElaphognathia cornigergShuster and Sassaman, 1997; Tanaka, 2003).

1.9 Mating and moulting stage

In many crustaceans there is a clear relationsbtpvden the moult cycle, especially
females, and mating behaviour. Throughout theiedjvcrustaceans usually undergo
periodic moulting to accommodate growth and repetida. In crustaceans, such as
lobsters, shrimp, isopods, and crabs mating ocsoos after the female discards her
exoskeleton (moult) while her shell is soft (Haitht969). Early studies, Templeman
(1934, 1936) showed that the best mating timeHferAmerican lobstekl. americanus

was when the female had just moulted.

1.10Mate selection and sexual attraction behaviour

Sexual attraction is an early step of mating behavin crustacean. Both males and
females are playing an active role in mate choide literature shows contradictory
findings about which gender is the attractor anéctvione is the seeker. More in details
about such contradictory will be illustrated beldvar example, Schone (1961) points
out that the male crustacean is usually the acteeker) sex partner, although special
activity on the part of the female has occasiondigen observed. While in some
crustacean species, the female is the seeker.dfigiamples of will be demonstrated

below.
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1.10.1Female as an attractor

It has been reported by observations (in field Etdratory) that it is always the pre-
moulted females that is the attractor to the mateeAcan lobsterH. americanus
(Atema and Engstrom, 1971; McLeeseal, 1977; Atemaet al, 1979; Cowan and
Atema, 1985, 1990; Atema, 1986; Atema and CowaBgl®arnofskyet al, 1989;
Karnofsky and Price, 1989; Cowan, 1991; BushmarthAtema, 2000). Furthermore,
there is some evidence that females at inter-nsdagie are sexually attracting males of
H. americanusfor courting purposes (Atema and Engstrom, 19Td)some crab
species, males were attracted to pre-moult femaflébe large edible cral®ortunus
sanguinolentugRyan, 1966). The spider cralmachus phalangiunandl. dorsettensis
males were attracted to the post-moult femalestibaé ripe ovaries and are about to
lay their eggs (Diesel, 1986; Jones and Hartn®®,7). A male king cralRaralithodes
camtschaticasearches out a female that he senses is pregarimgult (Idyll, 1971).
Others observed that females of shore €alcinus maenasvere directly approached
by males (seeker) (Eales, 1974; Bamber and Nay/®97; Sneddoret al, 2003).
Similarly, it was found in the blue crab€allinectes sapidusvhere the female is
attracting the dominant males (Gleeson, 1991; Basimn1999). Also, Bauer (1976,
1979) and Bauer and Abdalla (2001) showed thatebently moulted female shrimp of
Hepatcarpus paludicolaH. pictus and Palaemonetes pugibad a very high level of
attractiveness (95%) to males. Wigginton (2005pregal that during mating, the male
of the crayfishOrconectes propinquuseeks out receptive females. Using a Y-maze
experiment, Mathews (2003) concluded that male&lptfieus angulatusere attracted
to pre-moult females. Moreover, Borowsky al. (1987) reported that females of the

amphipod crustaceav. gryllotalpaare attracting males.
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1.10.2Male as an attractor

In contrast, there are some cases where the malayigsg an attractor role. In fiddler
crabs,Uca tetragonon males attract females (ovigerous and non-oviggrouo their
burrows for copulation. However, males accept femalith late ripe stage eggs
(Goshimaet al, 1996; Muraiet al, 1996; Nakasone and Murai, 1998). Diaz and Theil
(2003) reported evidence of female rock shrimiptypuslooking for dominant males

during mating season.

1.10.3Mate preference in the freshwater prawn

Mating selection for the freshwater prawn, as innyn&rustacean species, is also
controlled by females’ moulting stage and sociardnichy of the males’ morphotypes.
Kamiguchi (1972) stated that male of the freshwatewn, Palaemon paucidens
showed sexual attraction only to ripe newly-moukemales. Another freshwater prawn
M. australiensenvas observed that at early courtship, the femalguently approaches
the larger male (Ruellet al, 1973; Lee and Fielder, 1982). A study conductgd b
Thomas (1998) who built a Y-shape design bioassamy fopaque perspex dividers
placed inside a fibreglass rectangular tank (86 xii) with static water. He found after
90 minutes of observation, that femaledvbfrosenbergii at different maturation stages
of their ovaries, were attracted to the BC malediti@rent degrees. The question as to
which gender ofM. rosenbergiitakes the initiative in sexual attraction and mgti

behaviour remains ambiguous and needs more inaéstig
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1.11Social hierarchy in M. rosenbergii

A single age population dfi. rosenbergiiis characterized by a sex-associated size
distribution in which the size of females are quitemogeneous and males show
heterogeneous individual growth (HIG). Social iatgion between individuals within a
prawn population, especially between males, is ohé¢he major factors which are
causing the HIG phenomena in which forming a widsitvely skewed distribution
(Smithet al, 1978; Brodyet al, 1980; Coheret al, 1981; Ra’anan and Cohen, 1985).
The differences between individuals, especiallyamabrphotypes, are clear enough but
the question must be asked as to how these diffesearise. Various hypotheses have

been advanced.

1) Competition for feed sources where the mosteggive and dominant individuals

could suppress the smaller individuals (Segal anel, R975; Karplus, 2005).

2) Appetite suppression in sub-ordinate individualsuld result from agonistic
interactions behaviour of social hierarchy amongawpr individuals. In this
circumstance, sub-ordinate individuals may grovs legidly in spite of feed presence

(Cobbet al, 1982; Karplus, 2005).

3) Reduction in feed conversion efficiency where fimaller sub-ordinate prawn may

have less efficiency in feed conversion (Karptsl, 1992; Karplus, 2005).

Within M. rosenbergiipopulations, the social hierarchy controls theavebur of both
males and females are not only on food and teyribot also on reproductive activities.
There is a strong and complicated social structaravhich males play the most
effective role. The body size factor has a substhatfect in social hierarchy ranking.
In a comparative study of domination between thea®@ the OC, Barket al. (1991)

found the largest chelae male (usually BC) in aedipopulation of BC and OC males
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is dominant over all OC and over all the smaller lB&les as well. Moreover, Karplus
et al. (2000) found that the BC males dominated OC matesspective of their size.
This dominant male obtains advantageous acceseot fesources. Also, it obtains
larger, better territories and is more likely tajsester sexually mature females for
mating (Ra’anan and Cohen, 1985). Growth and semslration variation among
male morphotypes d¥l. rosenbergiiare directly influenced by social structure witlin

population (Ra’anan and Cohen, 1984; Batkal., 1991; Karpluset al, 1991, 1992).

However, the number of individuals in a certaineafgocking density) may also have a
considerable influence in shaping the social stmecof M. rosenbergiipopulations.
Karpluset al. (1991) tested both male and female prawns for&8/4 @t a sex ratio of
1:1. Prawns stocked into either large cage (4.00xx31.0 m) (volume of 12 ¥ for
communal culture (24 males and 24 females) or sf@dix 1.0 x 1.0 m) cages (around
0.50 nf) for paired culture (one male and one female).yToend that 9 out of 10 OC
males transformed into BC in the large cages, &toth (OC) became larger than all
the BCs present. On average, Kargual. (1991) found that the newly transformed BC
was larger 35 - 40% than the largest BC alreadgeprie In contrast, in stocks of single
males kept into small cages, 60% of OC transfemedBC males. They suggested that
stocking density may play a role in controllingerdctions between the BC and OC

males.

The large males could play a regulatory role irs thocial hierarchy. Malecha (1977)
found the presence or absence of large males (B&hdrOC) greatly modifies the

growth of SM males. Ra’anan and Cohen (1985) repdtiat the presence of either BC
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or OC males suppresses the growth but not the atatorof the SM. It is worth
mentioning that the dominance of BC over the othate morphotypes does not last
continuously. Fujimura and Okamoto (1972) suggesdedinvolvement of social
interactions in growth regulation when the largawms were removed from the
population and the remaining small prawns gainethéu growth. In addition to the
Ra’anan and Cohen (1985) study, a further studyBanski et al. (1991) noticed that
when males were raised in a mixed gender group; soine of the SM males will
transform into OC and eventually into BC while tlest will remain SM. When males
are grown in isolation, Barlet al. (1991) demonstrated that a juvenile will transform
first into a small male (SM), then into an OC mahel finally into a BC male. When the
fast-growing individuals were separated from thewsgrowing prawns, Malecha
(1977) found that the latter group resumed a mamadrrate of growth. Thus, the
presence of BC males is likely suppressing thesteamation of OC males to BC. The
OC male transformation to the BC male occurs dfsmoming larger than the largest
BC male in its vicinity, either by displacing a dieaor weaker BC male or in the case
of BC male(s) death (Ra’anan and Cohen, 1985).répkacement pattern of BC by OC
is termed a “leapfrog” growth pattern (Ra’anan &uhen, 1985). This leapfrog growth
pattern results in the gradual decline in the dqmaition of the original dominance of

BC males.

1.12Size variation

Size variation phenomenon occurs in many animatispeln some freshwater prawns,
the literature shows the existence of size vamatamong individuals within a

population whether between conspecific or betwgmosite genders. For instance, size
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variation has been observed in different prawnguytations such abl. idea(Thampy
and John, 1973M. australiensgLee and Fielder, 1983M. hainanens¢Mantel and

Dudgeon, 2005) anll. rosenbergii(Sandifer and Smith, 1975).

In M. rosenbergii populations, although the newly metamorphosed-jaoghe are
homogeneous in their size, it has been reportetl ttiea size distribution changes
gradually with time as both variance and skewnessease (Sandifer and Smith, 1975;
Ra’anan and Cohen, 1985). Within two months posamerphosis, the fast growing
individuals could be observed which called “jumpemsd can grow as much as fifteen
times larger than the rest of other individuals I{/iand Berrigan, 1977). While the
“laggards” are considered slow growing individudtawever, when individuals reach
sexual maturation, the size frequency distributi@comes clearer among individuals

especially in male morphotypes (Ra’anan and Col9&a)1

Few studies have been conducted to investigaterheth performance of prawn in
isolation and communally. Ra’anan and Cohen (1984hd the average weight of
juvenile M. rosenbergiicultured communally is higher than those culturetividually.
Also, when juveniles oM. australiensewere cultured communally, Lee and Fielder
(1983) found more biomass than those reared indgilig for the same period of time
and under similar laboratory conditions. However,the two previous studies, the
animals reared individually were more uniform ireithgrowth than those that were

reared communally.

32



It has been reported that a complex of severabiffacare involved in size variation

within crustacean populations. Those factors, ngasre associated with:

(a) Environmental factors where could cause competfor food and space (Segal and
Roe, 1975; Coblet al, 1982; Pierce and Law, 1982; Karplesal, 1986; Karplus,

2005).

(b) Inter-related social factors, such as socetlustand territoriality, position within the
size hierarchy (Ra’anan and Cohen, 1985; Batkial, 1991, Barkiet al, 1992;

Karplus, 2005).

(c) Intrinsic factors, such as hatching and/or metgohosis order (Smitbt al, 1978;

Sandifer and Smith, 1979; Karplasal, 1990; Kulesh and Guiguinyak, 1993).

(d) Genetic differences (Malecha, 1977; Maleehal, 1980; Malechat al, 1984).

Adult male morphotypes oM. rosenbergiinot only differ in their morphological
characteristics, as described earlier, but alstheir behaviour patterns (Brodt al,
1980). Ra’anaret al. (1991) reported that the SM, which have small abelgrow
slowly and exhibit a normal distribution and regmtsaround 50% of the adult males.
The OC male morphotypes which are relatively latbat the SM, having larger claws,
grows rapidly are highly variable in size and reprg about 40% of the adult male
population. The BC male morphotype represents arol®% of the adult male
population, and are highly variable in size andwgsbowly. Such difference between
male and female growth strategy strongly influertbesmarketable yield. This tends to
have greater size variation at harvest. Thus,\@artion inM. rosenbergiipopulation

is @ major constraint in commercial production. Keg to the control or manipulation
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of prawns’ size variation lies in understanding tpepulation structure. Several

approaches have been suggested to increase thairsize and uniformity.

1.13Size control

The natural complex social structureMf rosenbergiiplays a major factor in limiting
expansion of culture (D’Abramet al, 1991). As previously mentioned, the HIG is
mainly caused by the influence of the male morpbesy which are controlled by the
dominant males, especially the BC, within a popofaby depressing the growth of the
other individuals. Since the prawn market is higtigpendant on weight and size, this
size disparity is causing management and productistacles at harvesting. Hence, the
presence of large quantities of undersized smalk rpeawns can make the culture
uneconomical. The potential for successful cultwk M. rosenbergii lies in
standardising the stock size and applying proparagement procedures both prior to
and after stocking. Various strategies have beeresigated involving either

manipulating management or/and certain environnheotaditions.

1.13.1Environmental conditions manipulation

Generally, metabolic rate is directly related tdevdemperature, increase by increasing
temperature. Temperature could reduce HIG indiebi diverting energy toward
somatic growth more than to sexual maturation. do@parison study of culturing.
rosenbergiiin two different water temperature locations (25¥®&entucky, and 29°C in
Mississippi, USA), with similar variables such dscking rate, stocking density, diet
and feeding rate and source of juveniles, TidweHl. (1994) found significantly, fewer

prawns reached sexual maturity at the 25°C site thase at the 29°C site. Tidwell
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al. (1994) suggested that the delay in sexual matatithe 25°C site may lead to more
energy being direction to somatic growth with Iégsmaintenance and reproductive
activities. They suggest a possibility that low &atemperature (25°C) might have a
considerable impact on population structure withepbally positive implications for

production.

Also, the average stocking density size could playertain role in production rates of
prawn. Ra’anan and Cohen (1984) showed the aveyauyeth rate, the level of size
variation and the degree of skewness are direethtad to the density of the newly
metamorphosed post-larvae when tested at variogkisg densities. D’Abramet al.
(1991) illustrated that when they stocked prawnginag 0.75 g compared to 0.17 g at
a stocking density of 40000 haroduction was increased by 29%. Although produncti
increased, the individual average weight at hardestreased, however, manipulating
the environmental conditions may increase yielddpobion, the size variation within a
population still remains one of the major problem$/. rosenbergiicommercial mass

production.

1.13.2Selective harvesting

Selective harvesting by removing the large BC ar@@l &d large females is another
technigue to enhance the growth of the remaininglispnawns (Malecha, 1983). This
technique was introduced first by Malecha (1981te(cin Malecha, 1983a) who gave
the term “traditional system” or “continuous culut to prawn culture technique in
which stocking the post-larval prawns takes planeeoor twice a year into earthen

ponds and then the market-sized individuals aredséed selectively using seine nets.
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This system was designed in Hawaii by Fujimura @9 take advantage of the
variable growth rates of individual prawns by auiljithe large ones (market-size,
usually OC and BC males) from the pond by the aetsleaving the smaller prawns in
the pond to give them more opportunity to grow brotighout the year. One more
advantage of this technique is that selecting laaganals results in reducing the
competition for resources (food, oxygen and shelt€his method has also been
practiced by Cohest al. (1983b); Ra’anan and Cohen (1983) who found byyapp

this method throughout the grow-out season reswtdshe SM males promptly
transforming into OC males and shifting into theidagrowth pattern. Thus, the

percentage of marketable males at the end of thedo@as significantly improved.

1.13.3Size-grading

The size grading and re-stocking of prawns is basedompensatory growth of small
individuals after removing the larger ones withirprawn population. To replace the
traditional continuous stocking and harvesting erystMalechaet al. (1983a) suggested
a multi-stage rotational stocking and harvestingtay for year-around prawn
monoculture. Ra’anan and Cohen (1983) reported ngoravement in the average
weight, yield and food conversion ratio (FCR) ie tmore frequently graded more than
the non-graded stock. D’Abramet al. (1991) conducted a preliminary study on
freshwater prawrM. rosenbergiisize-grading in monoculture combined with stock
rotation, they found an increase in prawn meanawkyield and a decrease in the time
from stocking to harvest. Moreover, Karplas al. (1986b, 1987) demonstrated that
size-grading inM. rosenbergii can have a considerable influence on the male
morphotypes. Karplugt al. (2000) suggested that determination of the earafem

developmental pathway is different among the pravate morphotypes.
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Some of the size-grading studies BF rosenbergii were applied by dividing a
population of juveniles into two (or more) maindtians. However, when a population
is split into two fractions oM. rosenbergiijuveniles the upper (large) and the lower
(small) sizes and stocked at the same density,ag feund that the upper fraction
juveniles subsequently developed into the largea@@ BC at a higher frequency than
the lower fraction (Ra’anan and Cohen, 1983; Karphal, 1986b, 1987; D’Abramet
al., 1991; Daniels and D’Abramo, 1994). Furthermoffégraa grow out season of 97
days, Karpluset al. (1987) found the income obtained from the uppactfon prawns

was nine times greater than the lower fraction paw

1.13.4Comments about the selective harvesting and sizeagting

Although the selective harvest and size-gradingsypf management have shown some
improvement in yield production and production ngeraent, they also have some

disadvantages:-

1) Both of these types of management are followgddtaining the pond until the
remaining biomass become small enough to conselistaick with that of other ponds
(Malechaet al, 1987). Consequently, this practice is expectaddor extra operational

and labour costs.

2) Usually, selective harvests are practiced ipita climates where water temperature

Is adequate around the year but impractical intepylical climates.

3) With both selective harvesting and/or size-grgdhowever, it cannot be certain that

all the large animals have been removed during gtexess of netting prawns.
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Consequently, some large animals may still remainutilise resources and more

importantly to suppress the growth of smaller indlinals.

4) It has been reported that the size-grading igcen as applied by using seine nets is
labour-intensive, time-consuming, and inefficientlacan exacerbate harvesting losses

(New, 1990).

5) These methods require skilful workers, which ené@kinapplicable under large-scale

conditions (Brown, 1991; Karplwet al, 2000).

6) It increases stress and mortality and advews#gdgts growth (Lam and Wang, 1987).

In general, these methods, both selective harngeatia size-grading, do not fully-solve

the problem of the HIG, a major commercial probiarivl. rosenbergiiproduction.

1.13.5Mono-sex culture

An alternative means of minimizing the HIG and nmaizing yield of M. rosenbergii
can be attained by growing a mono-sex culture. fBolnique of mono-sex or sub-
population production has been applied for manys/éa many farm animals (e.g. the
poultry industry, cattle, fish, and also, appliedrenrecently to crustaceans such as red
claw crayfish, Cherax quadricarinatus(Curtis and Jones, 1995). Applying this
technique toM. rosenbergii however, has involved different approaches takéh
differing results. One is to concentrate on prodgdhe faster-growing sex, the males,

while others focus on the more homogeneous praatucii females.
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In an outdoor concrete tank (3.0 x 2.0 x 1.0 mpaudi Arabia, a mono-sex culture of
M. rosenbergiiwas investigated by Siddiqet al. (1997). They found that all-male
stock showed better growth and FCR than both allale and mixed-sex populations.
Under cage culture conditions, one of the earlgmagits of mono-sex culture was
carried out by Sagt al. (1986). In their trial, they stocked 40 juvenilegh an average
weight of 6.57 g in 2rh cages and they found that the all-male rosenbergii
population yielded 473 g fncompared to 260 g fhand 248 g M for the mixed and
the all-female population, respectively after a 182y growout period. Selective
harvests were held fortnightly to remove any prawegghing 30 g or more. By the end
of the trial, they found that 70% of the maleshe &ll-male group reached market size
(30 g), while of the males in the mixed populati@my 40% reached the market size.
In comparison, the females reaching market size ftioe all-female group was 51%
while in the mixed population group only 19% reathearket size. They concluded
that culturing all-males will lead to a shorter toné period. However, it is worth
mentioning that this experimental work was conddigtea small water body (not in a
large scale) and under very intensive conditionth vieriodic selection (every two
weeks). The survival rate of the all-male group wasewhat low (76.5% for all-male
and 86.5% for all-female). Studies on mono-sexucalin M. rosenbergiihighlight the
differences in growth between males and femalestiltio not eliminate (prevent) the
HIG. Nevertheless, these studies have lead toesitem producing mono-sex offspring

from sex reversed prawns.

1.13.6Polyculture

Cohenet al. (1988) investigated the potential of culturilig rosenbergijjuveniles (2.6

g) in earthen ponds at stocking densities of ® as a mono-sex culture along with
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common carp at a stocking density of 500.hat the end of the 150 days experimental
period they found the all-male production (2,200h&gd) was higher than the all-female
and the mixed sex populations (1,640 kg had 2,041 kg hj respectively). They also
found that the average weight of marketable (> Pprgwns in the all-male population
was 36.9 g while average weight of 24.1 g and 8@te found in the all-female and the

mixed sex population respectively.

Other mono-sex culture studies integrated with roffeshwater fish species have been
conducted. In an experiment in earthen poly-culpoeds consisting of common carp,
male tilapia and silver carp along with all-mall;famale and a mixed gender (1:1) of
M. rosenbergiijuveniles (2.6 g average) for period of 120 daystacking density of
1.25 m? was conducted by Hulatat al. (1988) who found the survival rate of all-
femaleM. rosenbergiiwas 90% and the all-male group was 85%. They falsd that
the total production in the all-male group was #gigantly higher than all-female group
(600 kg h& and 471 kg hj respectively) but not significantly different frothe mixed
sex (554 kg hd). Moreover, the net income from the all-male prawras 18% higher
than the control (mixed gender) whereas the natinvecfrom all-female prawn was
25% lower than the control. Hulata and co-workeesl Isexed theM. rosenbergii
population manually prior to stocking for their epnent. Manual sexing is simple,
easy and has been implemented earlier as in Helath(1988), but application of this
method has some disadvantages. First of all, itno@s/et proved possible to identify
males under 3.5 cm total length (Janssen, 198%p,Aexing requires not only high
accuracy in sex determination of prawn individublg also, it seems impractical

especially ahead of the sexual maturation peridtthoigh, Hulataet al. (1988) showed
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a yield increase of 18% in net income via the alenstocking strategy, this study
concluded that the improvement in income was nogelaenough to justify the
implementation of manual sexing. Thus, for largalesmperation, this technique is
impractical from a commercial point of view. In Bila Dos Santos and Valenti (2002)
showed that stocking densities of up to & M. rosenbergiiPL did not affect the
production of Nile tilapia @reochromis niloticul stocked at 1 ff over a 175-day
experimental period, neither required additionadiag nor significant changes in

management.

1.13.7Sex reversal

Sex reversal has been used in many fish cultureiegpesuch as pink salmon,
Oncorhynchus gorbuschéunk et al, 1973), coho salmonOncorhynchus kisutch
(Hunteret al, 1982), chinook salmom®ncorhynchus tshawytscliglunteret al, 1986;
Bakeret al, 1988), common cargCyprinus carpio(Ali and Rao, 1989), and black
porgy, Acanthopagrus schlege(Changet al, 1994). Also, this technique has been
studied in some species of crustacean sudhrmadillidium vulgare(Katakura, 1960,
1961; Hasegawa and Katakura, 1985; Suetill, 1990; Suzuki and Yamasaki, 1991),
greasyback shrimpvetapenaeus ens{¥ano, 1985)Penaeus japonicugrano, 1987),
the crab Eriocheir japonicus(Lee et al, 1993), ghost crabsDcypoda platyarsis
(Sarojini et al, 1962) and red swamp crayfisArocambarus clarkii(Sarojini et al,
1995; Nagamine and Knight, 1987b). Although thiprapch is not modern and has
been applied in many species of crustaceans, odsearM. rosenbergiiis relatively
limited. Production of either an all-female popigdator an all-male population with the
elimination of male morphotypes should reduce tregmitude of size variation and

contribute to higher yields.
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Generally, a surgical technique is used for sexensal in crustaceans. This is can be
applied by micro-surgical either by ablation of twedrogenic gland from the young
males or implantation of androgenic gland tissuge young females. Ablating the
androgenic gland of males of freshwater prawisrosenbergii at an early stage of
development have diverted them to females “neofem@lagamineet al, 1980a).
Based on two crosses (producing a total of 567pdffg) Sagi and Cohen (1990)
showed that the mating of the neofemisllerosenbergiiwith the normal male resulted

in 99.1% and 100% male offspring.

Recently, the bilateral removal of androgenic gtaod a total of 87M. rosenbergii
post-larvae at stage | (presence of the gonoporeplexes but not the appendix
masculina) resulted in 80.4% survival (Rungstral, 2006). Eight out of 12 matured
neofemales (Rungsiet al, 2006) produced all male offspring. Aflakt al. (2006)
proposed a two-step scheme for large scale miggmsursex-reversal (andrectomy) to
overcome the difficulty of identifying males ®. rosenbergiiat a sufficiently early
stage of development. Briefly, these two steps @nase | where 1904 post-larvae were
andrectomised at 25 — 60 days after metamorphBsig ( s to produce neofemales
that are capable of mating with normal male andvsjpag. Result obtained from this
phase was only 1.28% successful. Subsequently, ititieyduced phase Il which was
conducted to andrectomise those presumed malemett&rom the phase | at the
earlier ages (Pl - 39. From phase II, Aflalet al. (2006) found that 729 out of 4137
andrectomised male PL (17.6%) were suspected tmedwmdemales. Although their
results have shown the potential of the technigugfoducing all-male offspring dfl.

rosenbergiifor aquaculture, more information is needed beeduss likely that sex
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determination of freshwater prawn may not compjetely on the ZW system (Malecha

et al, 1992).

In contrast, Malecha&t al. (1992) obtained a “neomale” (ZW) ®&f. rosenbergiiby
surgical implantation of androgenic gland tissuesnf adult males into very young
putative females (6.5 — 7.5 mm CL, approximatelydd@@s after metamorphosis). When
they mated these neomales with normal females,offspring produced from 15
progenies had a sex ratio of 1:3.20 (male: femaldsgh is significantly more skewed
towards females than the primary sex ratio of Eurthermore, when female offspring
from neomale parental crosses, a sex ratio of 3 @wa#s produced from 8 progenies and
all females 1t = 1809) was produced from one brood. Mortalityeréitom surgical
androgenic gland implantation was high (89.5%) carag with the non-surgically
manipulated control groups (48%). Surgical expedeand techniques of andrectomy
need to be improved. The age at which these suigioaedures are carried out can be

crucial.

Administering sex hormones to youlRtj rosenbergiiis an alternative approach for sex-
reversed practice. Baghet al. (2004) reported a significant difference in setioraf

M. rosenbergiilarvae fedArtemia nauplii enriched with lipid-containing la-methyl
testosterone (MT) migdry weight at 5, 15, 30, 50, and 100 thg¥l. rosenbergiiarvae
were fed hormone-enrichedrtemia nauplii for 50 days. Their findings, however,
showed that the sex ratio is less than 0.93 sketwetémale with any treatment
concentration. Furthermore, when a diet preparechisyng different doses of MT and

fed to post-larvaM. rosenbergiifor 20, 40, or 60 days, Ohet al. (2006) found no
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significant changes were obtained of using thisrtmme since the sex ratio remained

unchanged compared with the normal.

Thus, the sex reversal approach looks has itsdtraris in minimising the HIG. Further
investigation and research in size variation toimise or eliminate the HIG variation
in M. rosenbergiiand then maximising the yield production is regdirin other words,

it is important to study the reason(s) behind th&s Hespecially among male
morphotypes. This leads toward most focus to th@abdierarchy aspect and how

communication between individuals is associatet WilG.

1.14Communication

Communication as defined by Wilson (1975) is amoacby an organism that alters the
probability of behaviour in another organism in aaptive fashion. Communication,
usually occurs when information is exchanged betwaesender and a receiver,
resulting in an alteration of behavioural pattean bne or both of the individuals
(Enquist 1985). Bradbury and Vehrencamp (1998) artiat information exchange
must benefit both the sender and the receiver to ched communication.

Communication also can be defined as ameftaction between a signaller”, which

produces a sensory stimulus or signal, and a receiwho perceives the signal and
makes a consequent behavioural decisi(iRosenthal and Lobel, 2006). Moreover,
they reported another definition of communicatit@ommunication is fundamentally a
series of steps between one animal’'s brain and hemotfrom the production of

behaviours and strategies on the signalling engerception and behavioural response

on the receiving erid(Rosenthal and Lobel, 2006). The surrounding emment for
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aquatic crustaceans’ population is one of the nmopbrtant factors in communication.
Communication in on aquatic environment generalgspnts an instructive comparison
to communication in terrestrial habitats (Rosentlaald Lobel, 2006). Studying

communication within the aquatic environment ioalsficult.

Rosenthal and Lobel (2006) illustrated the diffeeeetween the signal and stimuli.
One of the practical challenges of communication such types of animal is
distinguishing between a signal (a stimulus thas hevolved in an explicitly

communicative context) and a cue (a stimulus whosemunicative function is

incidental). Signals are easy to identify if thayoalve behaviours performed only in the
presence of an appropriate receiver; many acocallie and motor displays fall into this
category. Other stimuli, like sex hormones relead@uhg courtship, are more difficult
to classify. The situation is further complicateg the fact that some communication
signals may have evolved in order to enhance tressgon of a cue to a receiver. The
social interaction relationship among the individoiaM. rosenbergii especially within

male morphotypes, is mediated by visual, tactilé @memical cues.

1.15Types of communications

It has been reported that contact in crustaceacsr®avhen males and females touch
each other during courtship and mating (Salmon318®rowsky, 1991; Kellyet al,
1998; Correa and Thiel, 2003b). These communicatioes are usually mediating
agonistic behaviour, reproductive, and social m@rma of aquatic crustacean. Often
both genders are involved in signal exchange (Atamé Voigt, 1995; Bushmann,

1999). In other words, when individuals assess e#uér, they may base their decision
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on more than one signal (Snedden al, 2003). This is expected during sexual
attraction behaviour in those species where memifense or both sexes show strong
preferences for specific individuals of the opposiex. Several studies showed different
findings in examining sexual communication in cagstans exclusively on either visual

cue (Marshalkt al, 1999), tactile (Danielst al, 2000) or chemical cue (Juaretzal,

1987).

1.15.1Tactile communication

Obviously, tactile contacts in crustaceans usuadlyur within short and close distance
between individuals. Tactile communication betwesnstacean individuals of the
cohort can be presented in different patterns giads such as body rises and chelae
waving (Solon and Cobb, 1980), antennae waving éRstein and Hazlett, 1974,
Itagaki and Thorp 1981; Bruski and Dunham, 199@) a flicking motion by the
antennules (Schmitt and Ache, 1979). Signalling icentude behavioural acts by one
animal that alter the subsequent behaviour of ¢#oeiver. The use of the antennules,
crustacean chemosensory organs, in agonistic atkens has also been well
documented (Rutherforét al, 1996; Smith and Dunham, 1996). The flagella of
American lobsterH. americanusare also brandished vigorously during agonistic
encounters between conspecifics (Atema and Cobl80)19Moreover, tactile

communication in crustacean can occur in diffeligiht conditions.

1.15.2Visual communication

The visual signal is very important for informati@xchange and defence among

crustaceans. Visual sexual communication in crestas involves cues such as
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morphological structure, shape, colour and sheiter (Latruffeet al, 1999; Christyet

al., 2003). Studies on different crustacean speciesvath the importance of visual
signals in studies including hermit cralfsggurus marshiHazlett and Bossert, 1965;
Dunham and Tierney, 1983), fiddler crakiga pugilatorandU. pugnax(Hyatt and
Salmon, 1979); Zeil and Hemmi, 2006), crayfi€h, rusticus(Bruski and Dunham,
1987), spiny lobsterP. argus (Wilkens et al, 1996) and the freshwater praw,
rosenbergii(Juarezet al, 1987). Visual communication among crustacearnviddals
depends on light. Bruski and Dunham (1987) obsertteat the frequency of
communication among the crayfig, rusticusby visual cue decreased in the absence

of light while the tactile behaviours were increése

1.15.3Chemical communication

In the aquatic environment not only visual-sigreatsl tactile cues are used but they are
also accompanied by chemical cues (Salmon, 198Bpmital cues serve as a
fundamental source of sensory information linkingagiety of interacting organisms
(Dusenbery, 1992; Dodsoet al, 1994; Burrs and Lodge, 2002; Zimmer-Faust and
Butman, 2000; Zimmer, 2000). Others, Bradbury aetiréncamp (1998) for example,
reported that chemical communication involves thevision of information by the
sender to a receiver and the subsequent use ofinfuatnation by the receiver in

deciding how to respond.

It has been reported that several crustacean spamecombining all possible signals,
including chemical cues, in their communicationrsas in the snapping shrimf.

heterochaeligHughes, 1996), in mantis shrimps (stomatopodsYitldler crabs (genus
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Uca) (Christy and Salmon, 1991; Marshail al, 1999), and in freshwater crayfish
(Acquistapaceet al, 2002). In aquatic crustaceans, water is constd@ot only the

habitat but also the carrier of chemical cues betwadividuals. Since physical and
visual senses in water are restricted to limitedfasice due to water turbidity, however,
chemical cues are an important source of informati@hin a population to what occur

to the terrestrial environment (Eisner and Meinywa@b5).

Chemical cues are playing a considerable role mmoanication among individuals
within a population such as identification for terial and competition and for sexual
attraction. Because chemical cue can easily breadead flow in the aquatic
environment over both short and long distancesstao@ans might use this means
largely for social signalling and breeding behavidthemical communication has been
shown to influence behaviour of various crustace@an, 1966; Caldwell, 1979;
Seifert, 1982). To investigate the mechanisms thegulate social behaviour
interactions, especially mating and copulationteggi@s within crustacean populations,
it is necessary to understand regulation of the@pjate interface between its internal

physiological condition and the external surrougdemvironment conditions.

The literature contains different observations adjgestions about this type of
communication among aquatic crustaceans. Reseasclddmonstrated the importance
of chemical communication cues in controlling tlessal attraction and copulation for
some crustaceans such as shore cr@banaenas(Bamber and Naylor, 1997) and
American lobsterdH. americanugBushmann and Atema, 2000). Chemical cues allow

crayfish to distinguish between male and femalespenifics (Ameyaw-Akumfi and
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Hazlett, 1975; Dunham and Oh, 1996) and to idenlti&correct species in mate choice
(Tierney and Dunham, 1982). Ameyaw-Akumfi and H#z(@975) discovered that
maleP. clarkii can distinguish females from males through a pigatex pheromone.
Dunham and Oh (1996) reported the same behaviofenrale P. clarkii. Diaz and
Thiel (2004) concluded that there is a sexual comoation in rock shrimpR. typus
occurring between both the receptive female anddbestus (dominant) males which

rely on chemical signals.

Juarezet al. (1987) suggested that chemical communication aemncurrents inhibited
growth of M. rosenbergiijuveniles and increased size variation in pravassed under
laboratory condition. Moreover, Ra’anan and Coh&A8b) suggested that social
ranking amongM. rosenbergiimales is likely to be associated with the hormookes
reproductive activities released in the water. 8Nt rosenbergii and many other
crustacean species, are mostly nocturnal and igtliva in turbid environments which
both can limit visual communication (Bovbjerg, 197they must rely increasingly on

non-visual sensory input.

1.16 Pheromones

A pheromone is a chemical substance which is rett@m an organism into the
environment where it serves as a message to ofPleesomones are widely used within
the animal kingdom in a great variety of specieg also include bacteria and plants.
Such chemical substances or odours are playingjer m@e in regulating behaviour

and social life of many animals including crustaceawhich are usually used for a

range of functions such as sexual attraction, agjigninteractions and identification
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signals. However, studies about pheromones on iaqoaistaceans are relatively

having less extent.

In the aquatic environment, water is the only earriof chemical cues for
communication, including pheromones, between ceesta individuals. Sexual
recognition and attraction which precedes the mgatiahaviour is stimulated by sex
pheromone (Barth, 1961). The term '‘pheromonesneéfias 'substances which are
secreted to the outside by an individual and reszklyy another individual of the same
species, in which they release a specific readti@arlson and Lischer, 1959). Later,
Sorensen and Stacey (2004) defined a pheromonanasdour or mixture of odorous
substances, released by an individual (the seratat)evoking in conspecifics (the
receivers) adaptive, specific, and species-typieaponse(s), the expression of which
need not require prior experience or learning”.mdéeand Cowan (1986) used the term
pheromone to describe any body odour produced avithle of communication, while
‘body odour’ in their terms referred to all chemiemissions from metabolism such as
urine so this could also include a number of phemoes. Pheromone plays a critical
role in the communication especially for reproduetactivities in nearly all animals
(Shorey, 1976). For instance, Kanmab al. (2005) reported that sex pheromones are
crucial chemosensory cues that trigger and moddpraductive behaviours in
conspecifics of helmet crah cheiragonusin a bioassay system, Hardegeal. (2002)
demonstrated thaf. maenagnale mate selection is based on the detectiorrotle

odour.
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1.16.1Source of pheromone

The literature agrees that a pheromone is a chénsoastance involved in
communication among aquatic Crustacean which affebeir sexual and social
activities. There is a debate as to whether it adesior females that are producing the
pheromone. Furthermore, it shows that pheromoneauoatain different chemical cues
in which some of them are associated with the fesiahoulting “ecdysones” while

others relate pheromones to the urine.

1.16.2Pheromone released by females

The existence of a female sex pheromone in crumtgceas demonstrated earlyHn
americanug(Hughes and Matthiessen, 1962) when they noticpds#tive response of
attraction behaviour to water collected from frgsmloulted females. Since then, a list
of several crustacean species for which there ideace of releasing female sex
pheromone has become extensive and continued to. guater, other studies, Cowan
and Atema (1990) noticed that females orientateatdss male burrows in response to
sex attractants emitted by males and female-prablaeg pheromones control mating

behaviour.

Female’s sex pheromone also exists in crabs wisehituto attract males. Early, Ryan
(1966) demonstrated the existence of chemical cuewsater collected from tanks
containing sexually mature pre-moult females of ¢ugble crab,P. sanguinolentus
Hartnoll and Smith (1979) reported that in manybcspecies females including the
edible crabC. pagurusabout to moult release pheromone into the watdr gr urine

then mate immediately after moult. However, thisngimone is absent from inter-moult
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females and immature pre-moult females. Meantinlergmone is absent from the
urine of the edible cralg;. pagurusmales as Hartnoll and Smith (1979) reported. Later
other studies, Eales (1974); Seifert (1982); Bandwat Naylor (1996a) showed the
existence of chemical cues in some other crab epécvolved in sexual attraction that
released from female of shore crabsmaenasin the blue cral. sapidus Gleeson
(1980, 1982, 1991; Gleesat al. 1984) described the presence of a pheromone in

female urine that was attractive to males.

American lobstersH. americanus(McLeeseet al, 1970, 1973, 1977; Atema and
Engstrom, 1971; Atema and Cowan, 1986) and crayRslclarkii (Ameyaw-Akumfi
and Hazlett, 1975). In helmet crabscheiragonusfemales advertise their reproductive
status and attract males via water-borne chemigad ¢Kamioet al, 2000). Borowsky
(1984) reported that the female the amphipod crestaM. gryllotalpa secrete

substance(s) which attract males while males deeotkte.

It has been suggested that during the moultinggamicodours emission from females
may considered a pheromone. Kamiguchi (1972) cadecuhat the soft shell of newly-
moulted female freshwater prawh paucidensis an important factor for provoking
males into mating behaviour. Atema and Cowan (198fprted that females dd.
americanusshowed consistently strong responses to male mguitdour more than
female moulting odour. Atema and Cowan (1986) sstgyl that these chemical cues
are either arising from the moulting hormone “cegsysone“or/and to any metabolite
substance. Boucharet al. (1996) found males of snow crals opilio significantly

increased their activities and demonstrate sexefawiour to water containing recently
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moulted females. They attributed these kinds ofividiets to the influence of
ecdysteroids which are likely released from thelgenoulted females and then used as
a cue in the mating process. SimilarlyGnmaenaswater-borne signals from the pre-

moult female evoke searching in males (Bamber aandd¥, 1996a).

1.16.3Urine released by female

Evidence, however, is scarce on how the urine phene in itself affects males. Hinsch
(1968) reported that urine collected from the umeult females of spider cralh,
emarginatafailed to demonstrate a sexual response from eptee male. In contrast,
many other studies on sexually mature females wiesorustacean species have shown
that urine is the main carrier of putative pheromas studied in shore craBsmaenas
(Eales, 1974; Seifert, 1982; Bamber and Naylor,689%nd American lobsters$.
americanug/Atema and Cowan, 1986). These studies confirrhecekistence of a sex
pheromone that was released into the water bodywmee which produced a positive
response in the receptive male. A study conducyeBamber and Naylor (1997) who
reported that 17 out of 20 shore craBis,maenasmales exhibited a positive sexual
response to pre-moult female urine. They confirntieat urine from the pre-moult
female was a source of sex pheromone. Atema ancaC¢¥986) reported that urine
released from inter-moult females Bf americanuscaused stronger responses than
male urine in both sexes, whereas, females responaakly to male urine. They
suggested that male and female urine are chemiddfgrent and female urine may
contain a higher volume of the same active fractiban male urine. Furthermore,
Bushmann and Atema (1997) concluded that urineseld from femalél. americanus
controlled male aggression but mating and restgctemales’ urine release reduced

male aggression and facilitated mating. SimilafBleeson (1991) noticed that blue
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crab,C. sapidusmales showed positive sexual responses to the tnom ripe females

while there was no positive response of femaleiteeutfrom males.

1.16.4Pheromone and urine release by males

There is some evidence that males are producinggheromone via urine. It has been
reported that male urine release is importantridividual recognition in male agonistic
interactions (Karavanich and Atema, 1998a; Breiphaet al, 1999). Furthermore,
several studies showed that urine from male craats has an influence in sexual
attraction and mating. For example, Hh americanugCowan, 1991) an€. sapidus
(Bushmann, 1999), the female is guided towardsrthke by a pheromone in the male’s
urine. Another study conducted dt. americanusduring courtship and agonistic
interactions, Karavanich and Atema (1991) foundemaklease urine that contains cues
identifying themselves and conveying their presetocthe opponents. Bushmann and
Atema (2000) found that the urine méleamericanusontains compound(s) important
for close-up mate evaluation. They expected thaesharine cues play a role in female
identification of males and evaluation of male @yalRestricting (.e. blocking) urine
secretion, Bushmann and Atema (2000) found a $ogmif reduction in the number of

approaches and the time spent for females to drgenales’ shelter.

1.17Urine

Urine is considered not only as metabolic wastedflproduct excreted from the
crustacean body but also is carrying chemicals lhvhimay be involved in
communication. Those chemical cues may consist ainmue or a mixture of

substances produced from particular glands andsetkinto the urine (Dunham, 1978).
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Urine is stored in the bladder and released thrauglaired set of nephropores, small
openings found on the ventral bases of antennarst&ean urine is released from these
bilateral nephropores and by the aid of gill cutremine can broadcast forward for up
to seven body lengths anteriorly (Atema, 1985), the aid of powerful gills,
maxillipeds, pleopods along with nephropore propulsurrents (McPhie and Atema,
1984; Atema, 1986; Breithaupt, 2001; Herberholz &whmitz, 2001). Atema and
Cowan (1986) pointed out that crustacean urinéoigd in a bladder as an indication of

the need of controlled release.

Urine might provide identification of species, sexd perhaps social hierarchy status
and individual identity. Many studies showed théesoof urine in communication
between crustacean individuals in agonistic behavad crayfishO. rusticus(Zulandt
Schneideret al, 2001; Bergmaret al, 2003; Moore and Bergman, 2009), clarkia
(Zulandt Schneider and Moore. 200@stacus leptodactylugBreithaupt and Eger,
2002), American lobsters]. americanugKaravanich and Atema, 1991; Breithaupt and
Atema, 1993, 2000; Karavanich and Atema, 1998a&rbjthauptet al, 1999), rock
lobstersJasus edwardgiThomaset al, 2003), and shore craliS, maenagSneddoret

al., 2000). In addition, different studies demonsttathat sexual behaviour and
chemical attraction have strongly associated imraber of crustacean species such as
crayfish O. virilis (Hazlett, 1985),Pacifastacus leniusculuéStebbinget al, 2003),
American lobstersH. americanugAtema, 1986; Cowan, 1991; Bushmann and Atema,
1997), shore crabs;. maenagBamber and Naylor, 1996a; 1997), and helmet ¢rRbs
cheiragonus(Kamio et al, 2003; 2005). Since urine in many crustacean speid

playing a significant role in carrying such chenhicaes (pheromones) out into the
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surrounding environment, several studies on bothdge have focused on the

influences of urine on sexual behavioural respanses

1.18 Antennal gland

It is well known that urine in crustacean releagean the antennal gland. Decapod
crustaceans have a bilateral pair of antennal Kigmemaxillary) glands which are
located at the base of each antenna of the antegidral region of the cephalothorax.
Each antennal gland (AG) has a single opening {oguoine) which is located on the
underside of the coxae of the antennae (Vogt, 20D8¢ of the main functions of the
AG in crustaceans is in regulating the water amdcontents between the internal body
and the surrounding water medium as part of theanioregulation”. Also, the AG
works as a tool to excrete the metabolic waste ymisdoutside the animals’ body. This
organ, however, has been studied by many researchemany crustacean species.
Moreover, the AG in marine decapods is involved aoly in control haemolymph
volume but also involved in hyporegulation of magjoen and sulphate in the
haemolymph, excretion of organic substances arusoghing of fluid, sugar and amino

acids from the primary urine filtrate (Mantel anarfer, 1983).
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Chapter 2 Material and methods
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2.1 General material and methods

Only details of those materials and methods comynatilised throughout this study
are given in this Chapter. Further details of mateispecific to discrete sections of this

thesis are given in each particular chapter.

The main aim of this thesis is to study chemicangwnication ofM. rosenbergii
particularly in relation to behaviour related taesivariation. Behavioural tests were

designed and applied using a bioassay tank as shbigure 9.

2.2 Part I. Sexual behavioural responses

2.2.1Stocking M. rosenbergii

M. rosenbergiiwere brought from Malaysia. Stocks Mf rosenbergiiwere held in 88
individual plastic tanks (45 x 35 x 25cm, L, W ady within the Tropical Prawn Unit,
the Institute of Aquaculture, University of StidjnEach of these tanks was provided
with a continuous running freshwater recirculatgystem, continuous aeration and a
piece of 15 cm PVC pipe as a shelter. Water tenyeraf the system was maintained
at 28 + 1°C by using an electrical heater. Tempegatvas monitored daily. Around
20% of the water in the system was replaced daiti Wweshwater. The photoperiod
was maintained at 12 h light/12 h dark. The othatewquality parameters were carried
out once a week such as NN, NO>-N, NHs-N levels, (total ammonia was below 0.03
mgl'!) pH was 7.2 — 7.6 and total water hardness was BDw#igl*. Prawns were fed

daily to full satisfaction with chopped squid an@en beans alternately and they were
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maintained in these tanks throughout the courséh@efexperiments trials when not

being tested.

Each individual prawn used for these studies hadrd@inuous moulting record pasted
on the top of each tank showing their historieslatie of moult, duration of moulting
cycle (days) and carapace length (mm). Carapaagthewas measured by using a
vernier calliper (to 0.1 mm) from the base of tlustprbital margin to the mid-dorsal
posterior edge of the prawns’ carapace. Moultirggpmds were used as a support tool to
categorise prawns’ moulting stages and help toguiti@ female’s ovarian maturation
stage. Based on classification reported by ChadgSdah (1995), ovarian development
in femaleM. rosenbergiiwas classified into five stages according to tize sind the
colour of ovary observed through the external cacep However, in the first
experiment, females were categorised into thregestathe pre-moult, newly-moulted
and inter-moult in which each stage was tested raggg against the three male

morphotypes.

2.2.2Experimental system

The experimental system was built inside a wetdatooy, at the Tropical Prawn Unit,
Institute of Aquaculture, University of Stirling.his system consists of the head tank
which is high and big enough to provide heated aedated freshwater to the
experimental bioassay tanks. The experimental bayatanks were placed on the floor
of the wet laboratory and the pipes and tubingaodfer water from the head tank to

the experimental bioassay tanks.
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2.2.3The head tank setup

The head tank (HT) measured 1.5 x 1.0 x 0.90m (Lal H) and held 700 litres of
water when filled to a standpipe height of 0.5misTlank was top-up with freshwater
water when it is needed (usually twice a week).e€helectrical heaters (VISI-Therm,
300 Watt each) and three air stones were submeesdthe bottom of the HT. Water
temperature was maintained at 28 + 1°C and theldiss oxygen level was 7.2 myl
Water fell from the HT at height of 1.6 m above bieassay tanks and flows by gravity
through one tube and then split into two equal amdller tubing in which each is
leading to one of the experimental bioassay taBlk&h of these bioassay tanks was

built to test the chemical responsevbfrosenbergiito conspecific scents.

2.2.4Bioassay tanks setup
Opaque partition

v

Water outlet Water |
«}O /ﬁ%@ 3 iﬂ;‘@\ e

B (Test Chamber) A (Source Chamber

A

Water flow direction

Figure 9: Plan view schematic diagram of the biap$anks system design.
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The bioassay tanks system (Figure 9 above) is degitp test the attraction behavioural
responses of the freshwater praMnrosenbergii There were two rectangular opaque
tanks which are completely opaque and each meadut@&dx 0.50 x 0.18 m (L, W and
H). Each of these tanks is considered as an expatahunit. At the far end of each
tank there is a stand pipe to keep water leveBatrh. Each tank was divided into two
chambers (sections), the source and test chambeessource chamber (A) measured
0.30 x 0.50 x 0.18 m (L, W, and H) and held 27ktrWhereas, the test chamber (B)
measured 0.80 x 0.50 x 0.18 m (L, W, and H) and 7@l litres. An opaque partition
panel was constructed to be high enough not orggrs¢ing the two chambers (A and
B) but also precluding visual, tactile and watebration contacts between the two
experimental prawns and avoiding water overflowrfrthe chamber A to the chamber
B from both sides of the partition. This partitimas mounted with aqueous silicon seal
on all contact sides. There is one hole (3 mm diaheat the centre of this partition
wall allowing water to pass through from chambetoAchamber B. A constant flow of
fresh water was maintained through the bioassagrerpntal tank at a rate of around
250 ml mir*. Water flow is adjusted by a valve attached tchezfcthese small tubing
before entering the chamber A of the bioassay tahldrainage stand pipe was located
at the central far end of the chamber B. For eaah tvater runs only once and was
never reused for another trial. Both of the biogdsaks were placed and adjusted on

the floor level prior to each trial.

2.2.5Testing the efficiency of bioassay tanks

The whole system, tanks, valves, partition, holminhge etc. were tested at the

beginning by running water through the entire syste ensure that system worked
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efficiently and that there was no water leakagepiéce of fresh food (squid and/or
green beans) was used to test the efficiency obitbessay tank systems before running
any experiment. Prior to running the behaviouralgr prawn was placed at the far end
of chamber B and a piece of fresh food was placstti¢ the chamber A. Then the
water valve was turned on to let water run into $lgstem where prawns’ behaviour
responses were monitored. Usually, normal behavisuconsidered when prawn
remains at their place (far end close to the spape) of the chamber B. Once the water
flow was turned on prawns showed a positive respansl went toward the central hole
of the divider partition indicating that the prawwsre able to detect the food odour and
the bioassay system was working properly. This gaace was repeated several times
to ensure the system was working properly. Alsotest the water flow from the
chamber A to the chamber B via the central holapa-toxic aqueous ink (red) was
injected in the chamber A and red water current @laserved passing through the hole

toward the chamber B and then to the drain stapel. pi

2.2.6Behavioural observations

For testing the existence of chemical communicatietween prawn individuals, a
receptive of sexually mature single prawn (maléeonale) was placed inside chamber
B (close to the drain stand pipe), while an indixd prawn to be tested for the
possibility of producing chemical(s) cues was pthoeside chamber A. Since there is
only one hole in the divider partition, so wateora with chemical cues had to pass
through this hole going to chamber B. In order & g short and reliable bioassay
observation, preliminary experiments indicated B@iminutes of observation for each
trial is sufficient time forM. rosenbergiito establish a clear attractive behaviour. As a

result, the positive behavioural response was densd if within 30 minutes the
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receptive prawn moves from the far end of the chantb (near the stand pipe) and
approach (touch or get closer) to the central halbile the behavioural response was
considered negative when the time exceeded theildtes and the receptive prawn did

not move from their place toward the hole.

For the purposes of accuracy and documentary odsemvof sexual behavioural
responses, a Closed-Circuit Videotape System (CGOM& prepared. This CCVS is
consisting of a digital video camera, a televis{@iv) and wireless transmitter. The
digital camera brand is SONY (DCR-TRV460) which wsged on the top of the
bioassay tanks to observe and record prawns’ behali response. This camera is
operated by a remote control device for distancetrob In order to avoid any
disturbance to the experimental prawns such asdsamd movement during each
behavioural trial, the digital camera was connettea TV in an entirely separated area
(dry laboratory next to the wet laboratory) by Wess video transmitter and receiver
(THOMSON VS360) devices. In other words, the digitamera is used for dual
purposes, for recording the prawns’ behaviour ardaflive transfer to the TV. Dim
light was used and the intensity measured unddrneater surface of the bioassay

tanks which were 57 lux in all trials.

Prawns for testing were collected early in the mmgrfrom their holding tank in the
main system by a net, put in a plastic bucket witbugh water (5 1), brought from their
holding tank, and transferred to the bioassay exmertal tanks. Using the same net,
prawns were collected from the bucket and placsdiénthe designated chamber. Each

prawn in both chambers was acclimatised insidebibassay tanks for 30 minutes
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where the water temperature is within the range8of 1°C and the dissolved oxygen is
above 7.0 mgt (similar to the HT). Prior to running the test Lrithe bioassay tanks
were placed and adjusted to the floor level ofwlet laboratory. Also, the camera was
sited on standby position to be operated by theoternontrol device. At the beginning
of each trial, the camera was turned on (by usingneote control device) immediately
after leaving the wet laboratory. By the aim of 4, Behavioural observation was held
in the next dry laboratory. Using the remote cdntlevice, the camera switched off
once the assigned time (30 minutes) is passedamcethen water valve turned off. To
avoid the possibility of any effect of directionctar or any possible factor, for each
tested prawn this procedure was repeated four timyetirning around the bioassay
tanks direction (two in one direction and other twothe opposite direction). In other
words, each behavioural test runs five times 1 aggative control (plain water, see
Control test sectior2.2.7) and 4 as actual trials (2 front and 2 baBlach individual
behavioural tested prawn was observed, recordedresudts saved in a spreadsheet.

Prawns were then returned to their holding tankbémain system.

Immediately, after each single trial, Carapace tlero§ each prawn used in the trial was
measured and recorded to minimise stress from imandefore trial and then prawns
returned to their own tanks in the main system.nT b@assay tanks were emptied from
water, rinsed with clean, fresh and hot water (ado60°C), brushed with a sponge

containing a general purpose detergemtd then rinsed at least three times with fresh

! Active Bactericidal Hand Dishwashing Detergentlojinson Professional Limited ™, Frimley Green,
Camberley, England, UK.

64



water. This cleaning procedure was applied to aaoig detergent and odours residues
which may affect on response behavioural to theviohg trial. So, these tanks are
ready for another trial. This procedure was remkdt® each trial and for every

individual prawn throughout all the experiments.

2.2.7Control test

Several trials were conducted in this study asrobigst. For example, freshly-moulted

post-larvae (immature) females M. rosenbergiiwere used in each trial as a positive
control to test their sexual behaviour responsesnaggSM, OC and BC males in order
to determine whether or not the moult odour alonenfimmature female may play any
role in sexual attraction. Series of negative amatwere also used like plain water, and
plastic tubing were conducted prior every testingam treatment group. In all control

trials, behavioural responses were videotaped, rebde recorded and results were

saved in the data spreadsheet.

2.2.8Sexing prawns

At least five months prior to the experimental I&jaM. rosenbergiijuveniles were

sexed and individually housed in the main systehrolighout the experimental trials,
prawns used in this study were not only sexuallyungabut also they were large (more
than 30mm CL). Sexing prawns procedure for bothemand females were first
checked according to their sexual secondary chenatits such as the location of the
two sexual gonopores and the presence or absent®e aippendix masculina (see
sectionl.7). Each individual prawn was checked under aediton microscope for the

presence of the appendix masculina. Male morphstyyere categorised according to
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their body morphological appearance such as cla®, shickness and coloration into

BC, OC and SM (see sectidrb).

In addition, with the aid of a continuous moultiregord, it is possible to estimate the
females’ ovarian maturation stage. Based on aititad®on discussed by Chang and
Shih (1995), ovarian development in femald/bfrosenbergiican be classified into five

stages according to the size and the colour ofyowvaserved through the carapace.
However, instead, females in this study were categd into three stages of ovarian
development, the pre-moult, newly-moulted and imeult. Thus, it is possible to

categorise female ovarian stages from observatignsaked eyes to the ovaries size

and colouration.

Prawns were checked for moulting every morningesestays a week. Tested prawns
were selected according to the prawn moulting stdfar males and females) and
morphotypes (males). Usually, the ovary at the geanbulted stage is fully mature and
orange in colour. The post-moult stage, howevergossidered from 1-3 days after
female moult. Finally, the inter-moult stage is sioiered when ovaries have medium
size and their moult records fit within 10-16 dafser latest moult. If any recently

moulted female with full ripe ovaries were founidwas used for a behavioural trial.

To avoid misjudged ovary maturation and to confdhat these females are having a
full ripe ovary, at the following day after eaclaty females which have been used for

behaviour test were checked whether they havesedetheir eggs or not. Thus, only
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behavioural responses from those females who edeid®ir eggs (unfertilised, usually
orange colour) within 36 hours after the behavibuest were counted. Whereas,
females that did not release eggs within 36 hofies the test were excluded from the

experiment and their responses results were ignored

2.2.9Urine collection

Several attempts to collect urine from the BC makre made by catheterization
(described in Breithaupt al., 1999, for the lobstekl. americanusZulandt-Schneider
and Moore, 2000, for the crayfisR, clarkii) by using flexible plastic tubing glued to
the shell surface surrounding both nephroporesa part of this study, several attempts
were made foM. rosenbergiibut, unfortunately, these attempts failed. Propathlie to
the nephropores position and their shape which niakigficult to fix the catheter
tubing around the cuticle opening of the nephropofdso, the glue had likely blocked
the BC nephropores causing unreleased urine, swisthen fluid retention and in most
cases the prawns were overstressed and then dibth 24 h. Thus, an alternative
technique was used which was less stressful tprdn@n and certain in collecting urine.
Prior to starting applying this technique, BC prawvere anaesthetised for few minutes
and then both nephropores (urine opening) and soded areas were gently cleaned
and dried with disposable cotton tissue. A paiclefan Eppendorfs (1.5ml each) was
held against each nephropore. On both sides of tteapace, a gentle pressure
(squeeze) were applied and the abdomen was bemt fdoward meanwhile. Urine was
injected directly into Eppendorfs and then eacH was labelled. These steps were
repeated with every BC male that was required egghfcollected urine was pooled and
used immediately (for fresh urine experiment) orexd in fridge at 4°C or in a in a deep

freezer at -70°C.
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2.2.10Anaesthesia

The anaesthesia used in this study is similar & wlsed with other crustacean species
which is employed to all the cases of BC duringqhercollection. Briefly, in a clean
plastic bucket, the anaesthetic solution was pegpby combining 5 drops of clove oil
and mixed with 95% alcohol and then poured in 1f water (from the rearing tank).
Only healthy BC males were chosen individually frémeir tanks in the main system
and placed in the anaesthesia solution. Every B mas kept in the anaesthetic
solution for about 5-7 minutes then picked up, dwy their body surface using soft
tissues. After collecting urine, the BC was platedhe recovery bucket containing
water from the main system with two aeration aimst. Once fully alert again, they

were returned to their tanks.

2.2.11Characterising urine

A question was raised whether temperature coul@ laavinfluence on the pheromone
quality that may affect on that chemical substaimeolved in sexual attraction

behaviour or not. So, different temperature treatnveere conducted on fresh urine
collected from the BC males to investigate how tdraperature can affect on the key
substance that elicits sexual response in the fenrtcordingly, fresh urine was

collected and exposed to different temperaturerreats (4°C, -70°C and 70°C). So,
fresh urine was collected in Eppendorfs (micro sirge tubes) from the BC males and
stored inside a fridge at 4°C for at least one weelke used in cold urine tests.
Similarly, fresh urine was collected from the BClesainside the Eppendorfs and then
stored in a deep freezer at -70°C to be used mefrarrine tests. Also, fresh urine was
collected inside Eppendorfs from the BC males &wedBppendorfs were placed inside a

water bath at 70°C for 1 hour to be used in heataw test. Different volumes (100,
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200, 300, 500 and 1000 pl) of each of the abovepéeature treated BC male urine
were tested against newly-moulted females. These wolumes were injected into the
source chamber (A), however, the total volume ofewan the system was ~100 | so
that at maximum dilution these volumes would hak@vigled concentrations of ~1.0,
2.0, 3.0, 5.0 and 10yt Ifor the whole system. Local concentrations of ejréng. at the

entry point from the source chamber into the tdstndber, would, however, have
exceeded these concentrations. Using the CCVSqmiofsee sectio.2.6 page 62), all

sexual responses were observed, recorded andsreauttd in a spreadsheet.

2.3 Part Il: Histological work for the antennal gland of M. rosenbergii

2.3.1Antennal gland preparation

All the histological works in this study were cadi out according to the routine
procedure used at the Histopathology laboratomstjtirie of Aquaculture, University of
Stirling. These methods modified from Carltons’ tidisgical technique (Drury and
Wallington, 1980). However, the antennal glandsugs went through this procedure

which follows several steps as demonstrated below.

2.3.2Tissue fixation

Sample of antennal gland were cut to an appropsiaeeto allow adequate penetration.
Samples were then immersed in at least ten timesthvidual sample volume of 10%
of Neutral Buffered Formalin (NBF) which used a$xative solution for at least 24

hours.
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2.3.3Cassetting

Plastic cassettes with metal lids were used toyasingle antennal gland each. Each
cassette was labelled with a reference number. eTbassettes were then placed in a

bowl containing distilled water to be ready for hprocessing step.

2.3.4Processing

From the previous step, cassettes along with tsaeze then placed into a designated
basket which then inserted into a basket carriggped onto tissue processor, which
move from stage to stage automatically at a préisetintervals as shown in the Table

3 below.
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Table 3: lllustrates the materials, their conceitrs and the sited time for each steps of prongssi
phase.

Material and Concentration Time (Minutes

50% Methylated Spirit 30 min.

80% Methylated Spirit 90 min.

100% Methylated Spirit 90 min.

100% Methylated Spirit 90 min.

100% Methylated Spirit 90 min.

100% Ethanol 1 hour 45 min.
100% Ethanol 90 min.
Chloroform 50 min.
Chloroform 50 min.

Molten Wax 1 hour 45 min.
Molten Wax 90 min.

Molten Wax 90 min.

2.3.5Blocking out (embedding)

On the next day, cassettes were removed from $lseeiprocessor and placed in the
auxiliary wax bath on the histoembedder machinest@¢imbedder R134a, Leica
Instrument GmbH, Germany). The metal lids were nezdofrom the cassette and
appropriate size of base mould (metal) was seleciéé base moulds were filled
slightly with wax and specimens were gently pickama positioned into central part of
the base mould. Then the base moulds were complétetl covering the specimen to
provide an adequate margin of wax around the tisswkto support it during section
cutting. The base moulds were then placed on the mlate upon Histoembedder to

solidify the wax block.
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2.3.6Trimming and cutting

The excess wax which might stick around the ed@dsocks was removed by scalpel.
Using a rotary microtome (Biocut 2035, Leica Instent GmbH Germany) wax blocks
were trimmed to smoothen and to expose the compksee surface to be visible to
cut. Before sectioning, the trimmed blocks wereksdain distilled water bowl to
moistening the tissue prior to cutting for arour@minutes. Then, blocks were placed
facing down on top of cold plate surface (RA largingland) for 5-10 minutes. Then
blocks were turned facing up. Using the same micnet wax blocks along with
specimen tissue were cut at 5 um. Individual sestiwere floated out onto the surface
of warmed water in the water bath (Raymond A, LaliK) at 45°C and then mounted
on a labelled (identified) microscope glass slideldes with specimen tissues were
placed side down against the runners on the hetglRaymond A, Lamb, UK) which
set at 40°C for around one hour to dry them ounfaitached moist. Then slides were
placed into slide racks (25 slides each). To fx $lkections onto the slide and to prevent
them from floating off during staining, slide racke&re transferred to a drying oven

(Windsor Incubator, Sand rest, England) at 60°@f@rnight before staining.

2.3.7Staining

Where general visualisation of internal antennahdlstructure was required, batches of
25 slides at a time were placed into a slide rauk stained routinely in the Histology
laboratory at the Institute of Aquaculture, Univrsof Stirling. The present study
routinely staining technique utilised the combiaasalum haematoxylin called Mayer’'s
with a counter stain of 1 part 1% Eosin (aq) tca@p Putt’s eosin. The protocol of this

kind of staining is illustrated and described ia Table 4 below.
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Table 4: Staining protocol materials and time dorat

Chemical/Solution Time
Xylene (dewaxing 1) 3 min
Xylene (dewaxing 2) 2 min
Ethanol 1 2 min
Methylated spirit 1 min
Wash in water 30 sec. —1 min
Haematoxylin 5 min
Wash in water 30 sec. — 1 min
1% Acid alcohol 3 quick dips
Wash in water 30 sec. — 1 min
Scotts tap water substitute 1 min
Wash in water 30 sec. — 1 min
1 part 1% Eosin (aq) to 8 parts Putt’'s Eosin 5 min
Wash in water 30 sec. — 1 min
Methylated spirit 1 min
Ethanol 2 2 min
Ethanol 3 1 min
Xylene (cleaning) 5 min
Xylene (coverslipping)

After the final xylene cleaning bath, slides werpead cleaned with tissue paper and
coverslips mounted with Pertex. Slides were alloteedry in the fume hood for around

one hour at room temperature before examinatiorminght microscope.
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2.4 Part lll: Electron microscopy for the antennal gland of M.
rosenbergii

2.4.1The transmission electron microscope (TEM)

Also, some AG samples were prepared to be usedruhdeTEM. Prior to start
processing for the TEM, AGs from a designated pramdividuals were surgically
removed and then placed individually in glass viadétaining 2.5% gluteraldehyde
fixative solution and stored at 4°C for at leastars. Specimens then were rinsed in a
buffer solution (50% of osmium and 50% of 0.2 M isoad cacodylate) at 4°C and left
overnight. Tissues were transferred to 1% of osminncacodylate buffer in closed
vials inside a fume cupboard and left for 1 housing the rotator, samples were
washed three times for 10 minutes each with destiater to get rid off any residues of
the buffer solution (sodium cacodylate) becauss thffer solution is incompatible
with the uranyl salts in the next step. The AGsenen bloc in a stain of 2% uranyl
acetate with 30% of acetone and then kept in a dankainer (box) for 1 hour. Series
steps of dehydration held in a room temperatureutiin different percentage of acetone

as follow and in a different duration as follows:
60% of acetone for 40 mins.
90% of acetone for 40 mins.
100% of acetone for 1 hour.

100% of acetone for 1 hour.

In the fume cupboard the AGs samples were infdttawvith Agar low viscosity resin

(ALVR) using the rotator at different percentagesobstances as follows:
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acetone : ALVR at the ratio of 1:1 for 1 hour.

ALVR at concentration 100% for 1 hour.

ALVR at concentration 100% for 1 hour.

After that, tissues were embedded in either blockilas or Beem capsules. Samples
were then polymerised in an oven at 60°C for 24rsio8pecimens were investigated
under a TEM (FEI TECNAI SPIRIT G2 BIOTWIN) and thwages were printed in

special photographic papers.
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Chapter 3 Moult cycle and morphotype mate seeking
behaviour
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3.1 Introduction

Mating behaviour in crustaceans is closely relatednoult cycle, ovarian maturation
and a numbers of other factors which may play aptexninteraction. Several studies
have focused on the interactions between sexuedcttin, mating, courtship and
moulting stage of crustaceans. Earlier, Templeni&34, 1936) reported that the best
mating time for theH. americanusis soon after females’ moult. Hartnoll (1969)
reported that the copulation is coincident with feenale moult and mating occurs
shortly after moulting. Similar findings were repat in lobsters,H. americanus
(McLeeseet al, 1977; Cowan and Atema, 1989) and some otheraeans such as the
spider crabl. emarginata(Hinsch, 1968). Similarly, mating of some freshevgbrawn
species is also controlled by the moult statusheffemale and the social status of the
male morphotype such aslh australiensgRuelloet al, 1973; Lee and Fielder, 1982)
andP. pacuidengKamiguchi, 1972). FoM. rosenbergii copulation usually takes place

shortly after the female moult (Ling 1969; Chewal, 1982; Thomas, 1998).

Since this kind of reproductive behaviour is reafate the moult status and ovary
maturation state of females and to the morphotygbeomales, it is suggested that this
behaviour is controlled by different types of commuwmation means, where chemical
cues play a considerable role. It is clear from lkkerature cited that chemically

mediated pre-copulatory attraction is a key compoirethe reproductive behaviour of
many species of aquatic crustacean and that atgactiours (pheromones) may be
released by males and/or females according to epedilloreover, it is clear that

attractiveness may be closely associated with tbeltnstage and/or the reproductive

state €.g.gravid/non-gravid). From these mentioned studiegéms that reproductive
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behaviour inM. rosenbergiiis also likely to be subject to the same coninglli
influence. However, details in the effect of mostatus and male morphotypes on

sexual attracting behaviour are demanded.

3.1.1Effect of female’s moult cycle on sexual attractiotehaviour

Several studies on the sexual attraction behavduiemale crustacean showed the
involvement of moult cycle and ovarian maturati@xwgl attraction behaviour using
chemical cues. The existence of the correlatiowdéen the female’s moulting, ovarian
maturation status and sexual attraction of receptiales during sexual attraction
behaviour is also reported in several crustaceatisp such as the spider crab,
emarginata(Hinsch, 1968) and the lobstét, americanugMcLeeseet al, 1977), who
found a strong correlation between the female’s ltmguand ovarian maturation status
with sexual attraction of receptive males wherenuoal cues, possibility a sex
pheromone, play a major role during sexual attwacbehaviour. Earlier, Atema and
Engstrom (1971) demonstrated that male of lobstérsamericanugeject females at
inter-moult probably due to the lack of the propdreromone. Atema and Cowan
(1986) reported that males showed a typical regptmthe urine and moult body odour
from female lobstersH. americanusthat had recently moulted. Later, Cowan and
Atema (1989) found that mating is associated withttme of female’s moulting cycle,

where sexual behaviour commenced just prior to mmdemale moult.

A number of studies have been conducted to tese rbhahaviour with respect to
different moulting stages of female crustaceansanRy1966) studied the sexual

attractiveness of the edible crd&h,sanguinolentysand observed that males displayed a
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positive response to the presence of pre-moult lEsn&vidence of sexual attraction
was observed when water was siphoned from a tankaicong females into a tank
containing males (Ryan, 1966). He attributed thbsbavioural responses to the
existence of a pheromone in the water from the feshéank. Thus, they indicated that
a sexual attractive substance was emitted whicletifumed as a releasing stimulus

evoking the search phase of the males’ behaviour.

Ryan’s hypothesis was confirmed later by Eales 4)19vho showed that the pre-moult
female shore cralf;. maenasreleased a pheromone into the water, via thespvithich
attracted the male. Hartnoll and Smith (1979) matithat mating occurs only between
hard shelled male edible craBs pagurusand recently moulted females. Bamber and
Naylor (1996a) found that males Gf maenashowed a very low level, or absence, of
response to the inter-moult females compared tgthaounced responses to the pre-
moult females. Later, Bamber and Naylor (1997) aoted that urine fron€. maenas
pre-moult females is a source of a putative sexrgghene which attracts males.
Hardegeet al. (2002) demonstrated that male mate selectiof.irmaenass based
largely on the detection of female odour compouMidken water was collected from
tanks containing the pre-copula females, positiesponses were observed from
sexually mature males, whereas water collected ftanks containing inter-moult
females failed to induce a sexual response to timades. Gleeson (1980) observed that
the only copulation of the blue craB, sapidusemale occurred immediately after the
puberty moult (mating moult), as a typical softdsheating. Thus, he suggested that a
pheromone was released in the urine of puberty-tirfeaiales. Briones-Fourezan and

Lozano-Alvarez (2005) studied the seasonal vanatian chemical responses to
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conspecific scents in the spotted spiny lobgtamulirus guttatus These authors also
noticed that when both male and female spottedydplvsters are at high reproductive

season, males responded significantly to females.

Moreover, Jones and Hartnoll (1997) ran chemicatroonication experiments to test
the sexual attractiveness behaviour of post-moatatjes females of spider crabis,
dorsettensido the males. Results of their studies showed tthatpost-moult females
with either eggs near hatching, or which have rédgdratched their eggs, are attractive
to males and mate readily. They concluded thatethera correlation between ripe

ovaries and attractiveness.

Using conditioned water on shapping shrimp,heterochaelisHughes (1996) tested
the influence of moulting status (post and pre-rf)oofl females on the attractiveness
behavioural responses of males. She found that fédraales 1§ = 9) are not carrying
eggs, none of the malea € 12) were able to differentiate between the sedemw
(control, with no shrimp) and the conditioned watarrying chemical signals of both
the post and the pre-moult females. Similarly, 8hend that none of the females in
these statuses (post- and pre-moult) respondeletantiles. When females carrying
eggs (pre and post-moult) were used in the tegghelsl (1996) found neither males<

5) nor femalesn = 11) responded to the opposite sex. She concltitidsnapping
shrimp do not respond to chemical signals aloneathdr communicational cues have
to be involved. Another study conducted using a ¥zenexperiment to test chemical
communication inA. angulatus Mathews (2003) found males were attracted to wate

treated by exposure to pre-moult females but werteatiracted to water treated by
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exposure to the inter-moult females. Furthermonemiate choice experiments, she
found significantly more males paired with the pmeult than with the post-moult

females.

For copepods, Watras and Hanery (1980) suggesaedhth femaldiaptomus leptopus
must be gravid at the time of copulation for a geablutch to be produced. Also, in
mating experiments, Chow-Fraser and Maly (1988ndbmales of three freshwater
calanoid copepodsEpischura lacustris D. minutus and D. oregonensis are
significantly more attractive to gravid females rthaon-gravid females. Later, in
behavioural experiments, Leeuwan and Maly (1991ndb significant alterations in
swimming behaviour oD. leptopusonly in the gravid females. They suggested that
gravid females may produce chemicals that are réiftefrom those of non-gravid
females. They concluded that mdde leptopuscopepods are able to distinguish the
reproductive state of the female and probably d® plseromones to enhance rates of

copulation.

Thomaset al. (1998) studied the influence of time left for mateult as a factor on the
mating process with female amphipo@ammarus aequicaudd@hey found that male
about to moult were significantly showing less et to mate with females compared
with males who were far from moulting. They refer®uch behavioural action to the
fact that male close to moult are less active whigm encounter fewer females than the
type of males. Also, as the males’ moult approachesrder to secure mating these
males might accept females with a lower criticalugabecause males close to their

moult have less time available for mate acquiras lhighly possible that the above
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reasons can be applied to the freshwater in thidysin which the newly moulted BC
male prawns were least attractive to the recepgéweales compared to those pre- and

inter-moult BC males who are away from moulting.

Kamiguchi (1972) found low levels of sexual respomgnen water collected from a
container containing inter-moult or pre-moult fegwlof the freshwater prawR.
paucidenswas used to test 50 sexually mature males. Howewleen water collected
from a container containing soft-shelled (newly-med) females was used, males
showed high level of sexual response (92%, 46 bG0anales). Meanwhile, no sexual
response was observedRn paucidensnales that were placed together with the inter-
moult (stage C) or pre-moult (stage D) females.ddrecluded that the soft shell of

females might be another important factor for ghg the mating behaviour response.

3.1.2Effect of male’s moult cycle on sexual attraction ehaviour

In contrast to the number of studies conductedesnafe attractiveness, the effect of
male’s moult status on sexual attraction of reeepiemales seems to be limited. Atema
and Cowan (1986) conducted an experiment testiagéxual behavioural response of
female and male lobstend, americanusto urine and body odour collected from males.
They observed that the female response was weakates at the inter-moult stage.
They, therefore, suggested that moult body odoudsiter-moult urine contained sex-
specific substances that might be used in lobstegmericanuscourtship. For spider
crabs, I. dorsettensis Jones and Hartnoll (1997) found that recentlyt{posulted

females are not attractive to the inter-moult males
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In a comparable experiment studying copulation bielua of 50 sexually mature males
of the freshwater prawR. paucidensn different moult stages (A, B, C,;[and DB.3),
Kamiguchi (1972) found males at stages C andcha@u a better chance (90% and 80%,
respectively) to copulate with newly-moulted fensallkan the other moult stages A, B,

and D3 (0%, 30%, and 30%, respectively).

Another study, Parne=t al. (2006) showed that male shrirhjtopenaeus vannambad
went through reproductive cycles that are striethgociated with their moult cycles.
They noticed that spermatophores are periodicalbappeared from the terminal
ampoules of males during the 24 h pre-moult. Mealewkhey noticed a new pair of
white spermatophores reached the ampoules on i@ of ecdysis following the
moult. The nature of the association between mowytles and reproduction iM.
rosenbergiiis not known. Thus, more work emphasis in findihg influence of moult
status and sex attraction is needed in order tenstehd the nature of such behaviour

dynamic.

3.1.3Effect of male’s morphotypes on sexual attraction éhaviour

Adult crustacean individuals could have some retsbn in choosing their partner.
Several studies indicated that females are capatbéxerting preferences for certain
males by exhibiting resistance to some but notalle types. For instance, female
crayfish, O. rusticusresisted mating attempts from small males moriiefftly than
those from large males (Snedden, 1990). Jivoff ldimeks (1998) reported that large
male blue crabC. sapidushad advantages in displacing smaller males franmafes and

in preventing their own displacement. Female isgpoldiotea baltica resist
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approaching males more intensively and successfulgss size-dimorphic populations

(Jormalaineret al, 2000).

Male rock shrimpR. typus undergo strong morphological changes during arigg
most males reach sexual maturity in the femaletlpeis stage, and during growth they
pass through several intermedius moult stages de&aching the final stage, termed
robustus (Corre&t al., 2003). According to shrimp’s dominance hierarcbige and
morphology, Correat al, (2003) identified three male morphotypes of rebkimp, in
which the robustus is the most dominant and biggsize followed by the intermedius
and then the sub-ordinate typus stage. Diaz anel T2003) conducted an experiment
to test female rock shrimp, preference of choosiades. In their experiment, inside a
large tank 140 x 60 x 30 cm (L, W and D, respetyivevith standing seawater, 11
replicate females were used to choose between iffevetht males morphotypes (typus
and robustus). They found that 10 out of 11 fembbas preference for dominant males
(robustus) during mating more than the sub-ordinagles (typus) and females

remained in the vicinity of the robustus.

Later, using a Y-maze design, Diaz and Thiel (26fof)ducted another experiment in
which examining whether receptive females and tlestrdominant male, robustus, of
R. typusutilise chemical cues, visual cues, or both tcatecand assess a potential
mating partner. They observed that females appeshtife robustus males significantly
more often than the typus males. Also, they dematest that receptive females do not

use visual cues to select robustus males, but nedusmales use visual cues to find
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receptive females. They concluded that females andles use different

communicational signals during mate searching asdssment.

Thus, it is necessary to get more understanding o€ the interactions behaviour
between individuals within a population for reprotive activities and agonistic
behaviour ofM. rosenbergii especially those are related to chemical comnatioic.
The effect of moult stage of females and male matyges in mating preference is the
main focus in this part of this study. So, testimlly chemical cues and restricting both
visual and tactile communication between individudliring reproductive period, may
give a better understanding of the complex intevadbietween males and females using
only chemical communication cues. For this purpase,demonstrated later in this

chapter, the first experiment was constructed timtee trials each in which has sub-aim.

3.2Main objective

The main objective of the experiments describethis chapter was to investigate the
pattern of chemical communication between malesfamdlesM. rosenbergii Also, to
establish whether there is any effect of moultitagye of both males and females, and of
male morphotype on sexual attraction in this sm@eciEhese main objectives are

described as follows:

1- To characterise the effect of the moulting statd sexually mature females at

different moult stages on the sexual attractiorelvedur of the BC mal®l. rosenbergii
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2- To characterise the effect of the moulting statuBC males at different moult stages

on the sexual attraction behaviour of the newly-ltealfemalesvl. rosenbergii

3- To characterise the effect of the male morphetyp the sexual attraction behaviour

of the newly-moulted femaldd. rosenbergii

At the end of these three trials, it was expeateldatve a better understanding of the role
of chemical communication cues, if any, betweenividdals M. rosenbergii with
respect to reproductive behaviour. Descriptionghef protocols used for each trial are

provided in the next sections and the results aengn the following sections.

3.3 Materials and methods

The bioassay experimental tanks (see se@i@m and Figure 9) were constructed to
study the effect of chemical cues on mating behavietween male and femai.
rosenbergiiat different moulting stages and with differentienaorphotypes. However,
this experiment consists of three trials whichragieto answer certain questions related

to the chemical communication between males andlfssn

3.3.1Trial 1: The effect of female’s moult cycle on sexal attraction behaviour

The bioassay tanks (see sect®p.4 and Figure 9) were prepared to run the thirst of
this experiment. The main objective of this triasito investigate the effect of the three
moult stages of femalll. rosenbergii(pre-moult, newly-moulted and inter-moult, see

section1.7 page 19) on sexual attraction behaviour of B&lemn Twelve individual
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females from each of the above moult stages wesd. Usach single female was run
five times, 1 as a control (blank freshwater) andith tanks in two orientations, two
forward and two reverse, in order to avoid addaioanvironmental influences. For
each replicate, a single female was placed in tluece chamber to be tested with a
single BC male which was placed in the test chamBgor to running the four runs,
both the male and the female were placed in thesigthated chambers for 30 minutes
for acclimation. Each run lasted 30 minutes stgrimmediately after turning the water
valve on. Behavioural attraction of the BC malesswadeo recorded and the

behavioural response times were recorded and thedysed (see secti¢h2.6 page 62).

3.3.2Trial 2: The effect of male’s moult cycle on sexuattraction behaviour

The main objective of this trial is to investigdtee effect of the moult stages of BC
male M. rosenbergii(pre-moult, newly-moulted and inter-moult) on salattraction
behaviour of the newly-moulted females. In orderatwid additional environmental
influences, each single male was run four time$ wanks used in two positions, two
forward and two reverse. For each replicate, alsingale was placed in the source
chamber to be tested, with a single newly-mouleddie placed in the test chamber.
Prior to running the four runs, both the male ahd temale were placed in their
designated chambers for 30 minutes for acclimadisattach run lasted 30 minutes
starting immediately from the time of turning theater valve on. Behavioural
attractions of the newly-moulted females were videoorded and the behavioural

responses time of BC male were recorded and thalysad.
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3.3.3Trial 3: Effect of male’s morphotypes on sexual ataction behaviour of
females.

The main objective of this trial was to investigéte effect of three morphotypes of
male M. rosenbergii(SM, OC and BC) on sexual attraction behaviouthef newly-
moulted females. From each of the above morphofyfesdividual males were used,
with each individual male run four times, two fomgdiaand two reverse in order to avoid
any environmental factors that might influence tesults. For each replicate, a single
newly-moulted female was placed in the source cleautd be tested with males from
each of the above male morphotypes placed in ttecteember. Prior to running the
four runs, experimental prawns were placed in thegignated chambers for 30 minutes
for acclimation. Each individual run lasted 30 nigsi starting immediately after
turning the water valve on. Behavioural attracti@fismale morphotypes were video

recorded and the behavioural responses time weoeded and then analysed.

3.4 Statistical testing

Results were analysed using a repeated measureabdimear model (GLM).
Although samples did not all show homogeneity ofiarece or normal distributions,
and were not responsive to transformation (Log&@jprocal and square root), it is
recognised that ANOVA models are relatively robtastailures to meet assumptions of
normality and homogeneity of variance (JacksonBirasghers, 1994) particularly when
groups are of equal sample size. Hence thesediestdd nevertheless provide a good
guide to the main effects acting upon behaviowsponses, although larger numbers of
samples might allow more robust tests in the futlirés also worth noting that the

confidence intervals on graphs are for the univargatistics and therefore will not
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accurately reflect the results of the repeated oreasGLM in terms of apparent

significant differences between samples.
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3.5Results

The sexual responses M. rosenbergiiindividuals within the three trials are analysed
below. Statistical analysis indicates different paasses between the two genders

according to their moulting stages and dependingale morphotype status.

3.5.1Trial 1: The effect of female’s moult cycle on sexal attraction behaviour.

A Dunnett’'s test (Table 5) indicated that all feesalin different moulting stages
exposed to BC males water responded significanthyenguickly =0.000019) than

those exposed to freshwater controls and this easebn clearly in Figure 10.

Table 5: Dunnett’s test indicating that all rungngfemales of any moult stage with BC exposure are
significantly different from runs using water orfgontrol runs)n = 12. Bold indicatep<0.05.

Run Control
Control 29.750
Forward 1 0.000019
Reverse 1 0.000019
Forward 2 0.000019
Reverse 2 0.000019

Table 6: The mean and the standard deviation ($B¢xual response time (minutes) of the BC males to
different moulting stages of femallst rosenbergii

Time (minutes) | Control Pre-moult Newly-moulted Inteoult

Mean = SD 29.75+0.67| 20.56+7.30 8.48+£5.95 023 5.98
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Figure 10 Graph of mean responses of different moult stddensales to BC males showing results for
control (water only) and first and second forwand aeverse test chamber orientation runs. F1 £ firs
forward run; R1 = first reverse run; F2 = seconavird run; R2= second reverse run.

A GLM analysis (Table 7) shows that female mouligst had a significant effect
response on BC males (Figure 10). A Tukey H&iSt-hocanalysis (Table 7) indicates
that pre-moult and inter-moult females respondedicantly more slowly than new-
moult females. Also the experimental run for fenmraleult stage was significant (Table

8 and Figure 12).
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Table % Repeated measures GLM for effects of different lingtage of females on time taken to reach
target by BC males. Run = experimental run; Orienhamber orientation; Stage = moult stage of male,

n =12. Bold indicatep<0.05.

Source of Variation Ss DF? MS F P

Intercept 48070.56| 1 48070.56 470.8056:0.000001
Stage 6903.79 2 3451.90 33.8080 <0.000001
Error 3369.40 33 102.10

RUN 370.56 1 370.56 4.7575 | 0.036401
RUN*Stage 38.79 2 19.40 0.2490 0.7810211
Error 2570.40 33 77.89

ORIENT 18.06 1 18.06 0.4644 0.500338
ORIENT*Stage 34.13 2 17.06 0.4387 0.648598
Error 1283.56 33 38.90

RUN*ORIENT 11.67 1 11.67 0.3292 0.569998
RUN*ORIENT*Stage | 34.01 2 17.01 0.4797 0.623244
Error 1170.06 33 35.46

1'3S: Sum of Square

2 DF: Degree of Freedom
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Figure 11: Graph of mean responses time of difftemoult stage females to BC males.
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Figure 12: Graph of mean response time of diffenentilt stage females to BC males in two
experimental runs.

Table 8: Tukey HS[post-hoctest for effects of moult stage of females on ttaleen to reach target by
BC males exposed to different moult stages females]2. Bold indicatef<0.05.

Stage Pre-moult Newly-moulted Inter-moult

Pre-moult

Newly-moulted | 0.000126

Inter-moult 0.996497 0.000126
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3.5.2Trial 2: The effect of male’s moult stage on the swial attraction behaviour
response of newly-moulted females.

A Dunnett’s test (Table 9) indicated that all newpulted females exposed to male BC
(at different moulting stages) water respondediBaamtly more quickly p=0.000019)

than those exposed to freshwater controls andc#mse seen clearly in Figure 13.

Table 9: A Dunnett’s test indicating that all rursing males of any moult stage with newly-moulted
female exposure are significantly different fromswsing water only (Control runs)= 12. Bold
indicates<0.05.

Run Control
Control 29.722
Forward 1 0.000019
Reverse 1 0.000019
Forward 2 0.000019
Reverse 2 0.000019

Table 10: The mean and the standard deviation ¢6Bgxual response time (minutes) of newly-moulted
females to different moulting stages of BC madesosenbergii

Time (minutes) | Control Pre-moult Newly-moulted Inteoult

Mean = SD 29.72 £ 0.67 12.04 £4.7% 22.67 +6.29] 192 3.99
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Figure 13: Graph of mean responses time of diftemayult stage BC males to newly moulting females
showing results for control (water only) and fiastd second forward and reverse test chamber ctitamta
runs. F1 = first forward run; R1 = first reversey&2 = second forward run; R2= second reverse run.

A GLM analysis (Table 11) shows that BC male matdiges had a significant effect on
BC males to newly-moulted female response (Figuteahd there was a significant
interaction between the run number, test chambamntation and moult stage of
females. A Tukey HSIpost-hocanalysis (Table 12) indicates that pre-moult artdrt

moult BC males responded significantly faster thaw-moult BC males.
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Table 11: Repeated measures GLM for different metalge BC males to newly moulting females on
time taken to reach target by females of differantlt stages exposed to BC males. Run = experitnenta
run; Orient = chamber orientation; Stage = moualgstof femalen = 12. Bold indicatep<0.05.

Source of Variation SS DF MS F P
Intercept 30829.51 1 30829.51 622.19140.000001
Stage 4843.60 | 2 2421.80, 48.8760 0.600001
Error 1635.15 33 49.55

RUN 0.34 1 0.34 0.0247 0.876033
RUN*Stage 63.60 2 31.80 2.3098 0.115123
Error 454.31 33 13.77

ORIENT 5.84 1 5.84 0.3075 0.582948
ORIENT*Stage 0.68 2 0.34 0.0179 0.982252
Error 626.73 33 18.99

RUN*ORIENT 43.34 1 43.34 2.0513 0.161481
RUN*ORIENT*Stage| 142.68 2 71.34 3.3766 | 0.046330
Error 697.23 33 21.13
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Figure 14: Graph of mean responses of newly-modéetiles to different moult stage BC males.

Table 12: Tukey HSIpost-hoctest for effects of moult stage on time takenei@ch target by newly-
moulted females exposed to different moulting sta8€ malesn = 12. Bold indicatep<0.05.

Stage Pre-moult Newly-moulted Inter-moult

Pre-moult

Newly-moulted | 0.000126

Inter-moult 0.131561 0.000126
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3.5.3Trial 3: To test the effect of male morphotypes omsexual attraction
behaviour of females.

A Dunnett’s test (Table 13) indicated that all ngwloulted females exposed to
different male morphotypes responded significamtigre quickly p=0.000019) than

those exposed to freshwater controls and this eaebn clearly in Figure 15.

Table 13: Dunnett’s test indicating that all rurséng females with all male morphotypes exposuee ar
significantly different from runs using water orflyontrol runs)n = 12. Bold indicate<0.05.

Run Control
Control 29.78
Forward 1 0.000019
Reverse 1 0.000019
Forward 2 0.000019
Reverse 2 000019

Table 14: The mean and the standard deviation ¢6Bgxual response time (minutes) of newly-moulted
females to different male morphotypds rosenbergii

Time (minutes) | Control SMm oC BC?

Mean + SD 29.77 £0.72 16.25+5.1Y 22.67 +9.11] .38& 4.27

1 SM: Small Male
2 0C: Orange Claw
3 BC: Blue Claw
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Figure 15: Graph of mean responses time of newlyitad females to different male morphotypes
showing results for control (water only) and fiastd second forward and reverse test chamber ctitamta
runs.

A GLM analysis (Table 15) shows that male morphetyfad a significant effect on
newly-moulted female response (Figure 16) and tihatinteraction between run and
test chamber orientation was also significant. AéyuHSDpost-hocanalysis indicates

that BC males responded significantly faster thah &d OC males and those SM

males responded significantly faster than OC m@lable 16).
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Table 15: Repeated measures GLM for effects of malgphotype on time taken to reach target by
newly-moulted females exposed to different malephotypes. Run = experimental run; Orient =

chamber orientation; Stage = moult stage of mate12. Bold indicatef<0.05.

Source of Variation SS DF MS F p
Intercept 35784.03| 1 35784.08 329.07910.060001
Stage 4919.06 2 2459.53 22.6184 0.000001
Error 3588.42 33 108.74

RUN 14.69 1 14.69 0.9068 0.34788%
RUN*Stage 140.06 2 70.03 4.3215 | 0.021530
Error 534.75 33 16.20

ORIENT 8.03 1 8.03 0.5090 0.480561
ORIENT*Stage 31.06 2 15.53 0.9846 0.384286
Error 520.42 33 15.77

RUN*ORIENT 23.36 1 23.36 0.7161 0.403528
RUN*ORIENT*Stage | 77.56 2 38.78 1.1886 0.317342
Error 1076.58 33 32.62
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Figure 16: Graph of mean responses time of newlyitad females to males of different morphotypes

Table 16: Tukey HSIpost-hoctest for effects of morphotype on time taken tctetarget by newly-
moulted females exposed to different male morphegyp= 12. Bold indicate{<0.05.

Stage SM OC BC
SM

oC 0.013381

BC 0.002297 0.000127
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3.6 Discussion

Results obtained in this study confirm the relalup between sexual attraction and
moulting stage oM. rosenbergii Results in this study indicate that the moulgstaof
both adult male and female prawis rosenbergiihave a key role in determining the
opponent response to water-borne cues. The phgsiadd M. rosenbergiichanges
dramatically during the moult cycle, which in tumay change both the chemical
content and concentrations of the chemical cuesaseld into the water. This can be
seen through the attraction behavioural respori8adings in this study are similar to
these found previously for several other severalstacean species such &S
americanugTempleman, 1934, 1936; McLeeseal, 1977; Cowan and Atema, 1989),
some Brachyura, (Hartnoll, 1969), the spider crab,emarginata(Hinsch, 1968),
freshwater prawns such & australiensgRuelloet al, 1973; Lee and Fielder, 1982)
and shrimpP. paucidengKamiguchi, 1972). The findings in this study amnsistent
with studies conducted previously in the rosenbergiiby Ling (1969), Chowet al.
(1982) and Thomas (1998). Thus, it can be suggdbtdhe sex attraction behaviour
in M. rosenbergiiis likely to be controlled by chemical cues (pheomes) released by
males, the females or both, the release these Iséioggly associated with the moult

stage.

In the experiments conducted there were differebetseen trial runs, with the second
set of runs for each prawn showing responses tleat wignificantly slower than the
first. This may be due either to tiring followingtensive movement in response to
earlier cues or due to acclimation to cues receicadsing reduced sensitivity

(Tinbergen, 1951). There were also interactionsveenh experimental run and moult
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stage that may reflect stamina or other differefmds/een different moult stages which

change performance following extended exercise.

3.6.1The effect of female’s moult cycle on sexual attréion behaviour.

Results from this experiment provide clear evidewsiceorrelation between the intensity
of sexual attraction of the male to females andaha&rian maturation of femaléd.
rosenbergii Blue claw males showed varying degrees of pasitasponse to all tested
female prawns relative to the female’s moult stagéss verifies not only the existence
of chemical cues in the water released from femhbigsalso that these chemical cues
are varying in their content. Thus, the level dfaation of BC males to receptive
female prawns depends strongly on the female’siamvanaturation level. This can be
seen clearly in this experiment where the BC mtdek the least time to move towards
the newly-moulted femal®l. rosenbergiicompared to the pre and inter-moult females.
This incident intimates that newly-moulted femadie rosenbergiirelease distinct
pheromone compound that attracts the BC males tharethe other females’ moulting
stages. This is more in line with expected newlyitedl female behaviour and may
also reflect a behaviour tending towards being kbuather than seeking during this
phase of the moult cycle. Clearly this could refldee reduced mobility / energy
reserves that might be expected following the mouthe behaviours that tend to keep

them in shelter at this potentially vulnerable stéi@a’anan, 1983).

Similar behavioural responses to these displayed nbwly-moulted femaleM.
rosenbergij has also been reported in other crustaceans asckdible crabP.

sanguinolentugRyan, 1966), shore crak,. maenagEales, 1974) and blue cra@,
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sapidus(Gleeson, 1980). Results in this trial parallelthose of Ryan (1966), who
suggested the existence of pheromone in waterr@atdrom holding tanks containing
pre-moult females of the edible cr& sanguinolentusThe findings of this trial are
also consistent with the findings of Atema and CoW&986) who reported that male
lobsters, H. americanusshowed positive response behaviour to recently |teu
females and they concluded that mating was assdciwgith the timing of the female’s
moulting cycle. The same relationship between nmogiland ovarian ripeness that
exists in lobster also exists with the freshwateawm M. rosenbergii Positive
behavioural responses of males with respect toidyriamales are also observed in
several copepods species suclbateptopus(Watras and Hanery, 1980; Leeuwan and
Maly, 1991),E. lacustris D. minutus D. oregonensigChow-Fraser and Maly, 1988)

and the hermit crat®agurus filholi(Goshimaet al, 1998).

In contrast, it is observed that the attractionawebur responses of the BC malds
rosenbergii were fastest toward the newly-moulted female psawand the slowest
response were observed toward both pre- and inbesftrfemales. This slow response is
most likely to be related to incomplete ovarian unation of these females at these
particular moult stages. Another incident for otHershwater prawn species was
previously reported. Kamiguchi (1972) conductedeaperiment of sexual attraction
behaviour inP. paucidensusing water collected from containers containitifecent
moulting stages of females, the findings of thespr¢ study were very much analogous
to his results. Similar findings have been reportedome other aquatic crustacean
species where the dominant males were not showiegeist to the inter- and pre-moult

females such as lobsteks, americanugAtema and Engstrom, 1971); the edible crab,
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C. pagurus(Hartnoll and Smith, 1979); shore cralis, maenagBamber and Naylor,
1996a), the blue cralg;. sapidus(Jivoff and Hines, 1998) and snapping shrimp,

angulatus(Mathews, 2003)

There is more than one possible reason for BC nshlewing a slow response to these
particular females. Females at pre- and inter-mstaiges may perhaps lack the earlier
stage sexual pheromone. Alternatively, femaleshaséd moult stages may release
pheromones inhibiting mating behaviour. Thus, onenore of the above reasons may
be involved in sexual attraction behaviour betwadunlt female and male prawns but

further research is required to draw a more de&fic@nclusion.

Dunham (1978, 1988) pointed out that chemical aedsased from a female which
elicit male responses do not necessarily funct®isex pheromones. He attributes the
male’s response to female chemical cues as carstibgbredators toward potential
prey. However, observations in this study abdutrosenbergiisuggest that BC males
responding to chemical cues from a female as sgnain potential mates because BC
males were significantly attracted to chemical cuwekeased from newly-moulted
females more than those released from pre- andnmbelt females. This suggests that
chemical cues were probably eliciing mate-seagchibehaviour rather than

cannibalistic foraging behaviour.

As noted from this study, sexual attraction is regitg related to ovarian maturation

rather than to moulting, where newly-moulted feradiave fully ripe ovaries and inter-
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and pre-moulted females have un-ripe ovaries. Itsuggested that the ovarian
maturation stage of females plays a major role atimy behaviour in which the fully

ripe ovary females are highly attractive to the d@ant BC males compared to those
females at very early stages of ovarian ripenesgari@n maturation of prawns is strictly

associated with moulting such that females withyfuipened ovaries have a higher
chance of moulting than females with un-ripenedrie@ga Thus, it is suggested that BC
males respond according to ovarian maturation stafufemales rather than to their
moult stage. However, as a rule of thumb, it carsliggested that the moult stage of
female prawns is a valuable indirect indicator wdrian maturation status. Surprisingly,
the interpretation of sexual attractiveness behavad crustaceans in most previous
studies that focused mainly on moulting stage patara in mating attraction where as
this study indicates that more attention shoulgp&e to the ovarian maturation status

of females instead.

3.6.2The effect of male’s moult stage on the sexual a#ction behaviour
response of newly-moulted females.

Newly-moulted femaléVl. rosenbergiiresponded more rapidly to both pre- and inter-
moult males than newly-moulted males. Similar fngdi by Parnest al. (2006) who
reported that sexually mature pre-moult male shilimgannameivere not attractive to
the receptive females. They related such behavmdhne fact that spermatophores of
those pre-moult males disappear from the termijaludatory ducts of males 12 - 24 h

prior to moulting.

107



From the previous literature and from the currenitdyg it can be suggested that
pheromone release is strictly associated with thalihtycle. Varying sexual responses
by newly-moulted female prawns to different moutages of mature BC males
indicates that different pheromone contents weeased from the BC male throughout
their moult cycle. Findings here suggest that reecegemaleM. rosenbergiican detect
pheromones released from the BC males and theyistinguish the appropriate male
for mating. Also, in order to mate with a propedastrong BC male, newly-moulted
female prawns have to avoid soft shell male andntgure paternity, they have to seek

for a proper BC male who can provide protection.

While there seems to be an association betweegctin behaviour by BC male and
ovarian maturation status of female, a similartieteship could exist with BC males
where the presence of spermatophores could beemding sexual attraction more than
the moult cycle of BC males. This may explain wime treceptive newly-moulted

female prawns were more attracted to both the-irded pre-moult stages than the
newly-moulted BC males. Another possible reasonldcche that the amount of
pheromone released from newly-moulted BC maleghgrinadequate or absent. Also,
there is a possibility that the newly-moulted feenarawns avoid coupling with soft
shell BC males because they are not strong encugiratect them from predation.
Thus, it can be suggested that moult cycle of ti@ rBalesM. rosenbergiihas a

significant influence on attracting the most recephewly-moulted females.

As in the majority of previous studies concerningtenchoice and sexual responses in

Crustacea which claimed to be caused by the reeeptd female moulting, results
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obtained here suggests that ovarian maturity ofaferprawns is playing a high potent
role in sexual attraction behaviour of BC male. Jhtne maturity status of female’s

ovaries is a more substantial factor influencingusé responses than moulting.

3.6.3The effect of male morphotypes on sexual attractiobehaviour of females.

All newly-moulted female prawns responded to theeehmale morphotypes but with
varying levels of attraction. Newly-moulted femalgere seen to respond significantly
more rapidly to the dominant BC male than to suinat# SM and OC males and
similarly responded faster to SM than to OC malesen newly-moulted female
preference for dominant BC males is not surprigsimge these BC males have higher
fertilisation potential than subordinate SM and @@les and can ensure undisturbed
spawning (Ra’anan and Cohen, 1983). Also, BC mpteside more protection than
both SM and OC males. Similar preferences of femmalgh respect to males with
sexual size-dimorphism have been reported for abstér,H. americanugBushmann
and Atema, 2000) who noticed a high preferencesofales to the dominant males for
mating over the sub-ordinate males. Also, the rebkimp R. typusfemales had
preferences for robustus (dominant males) over sy(aub-ordinate males) during

mating (Correat al, 2003; Diaz and Thiel, 2003; 2004; Hinojosa anikIT2003).

However, evidence in this study that BC male praforsM. rosenbergiiemit sex
pheromone, which attracts newly-moulted femaleniscontrast to the findings of
Hartnoll and Smith (1979) who concluded there wWaseace of sex pheromone released
from male edible cral&;. pagurus Their conclusion was based on male negative $exua

behavioural response when exposed to another nu@ladd to a female where in the
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current study, the conclusion was based on sexebhvioural of receptive female
responding to the different male morphotypes. Alsartnoll and Smith’'s (1979)
conclusion was based on an assay of male cardiogrgmeriment in which they
implanted electrodes devices on either side ofhisart of mature inter-moult males.
They found no consistent changes in heart rateingeafter exposing them to urine
collected from paired pre-moulted females. TecHlyican the current study the
behavioural responses were tested directly by usibgpassay system while the study
conducted by Hartnoll and Smith (1979) tested #lealioural responses of male edible
crab, C. pagurusindirectly by measuring the heart rate beatingtuidly, adult M.
rosenbergiihave several moult and gonadal maturation cycldgmone year while the
C. pagurushas only one annual moult cycle which is duringdoling season. This may

cause such difference in sexual behavioural regsonstween the two studies.

The results of this study is supporting previowmsliings by Diaz and Thiel (2003; 2004)
who found femaleRR. typushad preference for dominant males during matingemo
than the sub-ordinate males. However, the expetaheannditions of their studies were
slightly different from the current study. Firshely restricted the movement of the
males by tying a fine nylon thread around theirhapthorax and abdomen which may
have caused stress or physical restriction andrdicgy affected their behaviour
towards females. Also, they used a Y-maze desigassay in which along with
chemical communication cues, both visual and &ctles may also have been
involved. Thus, attraction behaviour seen betwealerand females was not necessarily
due to chemical cues. Furthermore, since they stedling water (not running water)

in their experiment, this may have limited chemicaé transfer between individuals.
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Also, similar observations have been reported presty by Bushmann and Atema
(2000) who noticed that female lobstdr americanushave high preference to mate

with dominant males over the sub-ordinate males.

The work presented in this chapter illustratesraigferences in behaviour according to
moult stage and morphotype. The female’s ovariaturagon is a key component in
the mating behaviour dfl. rosenbergii Newly-moulted female prawns are the most
receptive stage due to their completed ovarian raatun hence releases pheromone(s)
to attract males. Since there are slight sexuploreses displayed by both pre and inter-
moult females toward the BC males, it can be sugdebat newly-moulted femaM.
rosenbergiirelease certain pheromone(s) into the water, nlikedy via the urine,

which attract BC males.

Several previous studies reported that adult recefeémale crustaceans may choose
their mate based on male characteristics indicabivédis fithess, secondary sexual
characters, courtship behaviour, size and qualitgroitory, amount of mating, and / or
genes (Kamiguchi, 1972, Thornhill and Alock, 198ackson and Elwood, 1989). In
addition to the above characters, results in tlidyssuggest that female can select male
based on males’ moulting stage. Male, in conttaas, been reported to choose female
for mating based on body size and fecundity asbe@s reported in some crustacean
species such as the freshwater pra®paucidengKamiguchi, 1972), the spider crab,
Inachus phalangiuniDiesel, 1988), the shore craBs maenagReidet al, 1994) and
the amphipodGammarus puleXElwood et al, 1987). Also, the time remaining until

spawning is another factor that can cause a maktawean to choose a female as has
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been noticed in the spider crab,phalangium(Diesel, 1988), the fiddler crabsl.
lacteal (Goshima and Murai, 1988) andl tetragonon(Goshimaet al, 1996). Beside
the above factors, results of the current studystaygests that ovarian maturation and
moult stages are additional important key factans BC male prawns selection for
mating. In the enclosures, because newly-moultethlie prawns prefer BC males over
OC and SM morphotypes, suggesting that the mostirdomh males have more
advantageous in guarding and mating. Thus, malemotype ofM. rosenbergiiis an
important factor in female’s sexual attraction bebar. However, the present finding
in the this study is contrary to the findings opeeted by Jivoff and Hines (1998) who
found no difference between the male sizes of bhad, C. sapidusin guarding and

copulation and no significant difference in femagbesference.

Pheromone release by sexually mature males isimlgortant in the sexual attraction
behaviour ofM. rosenbergii Pheromones released from the BC males are prpbabl
differing from those released by SM and OC male photypes. This explains why
newly-moulted females have higher preference femtiost dominant males (BC males)
over the other male morphotypes. Thus, it can kbygested that sexual attraction
behaviour in the freshwater prawM. rosenbergii clearly reflects the expected
dominance hierarchy and must be under substatiggthical control as the males in this
study were prevented from the use of visual cuéso,At can be concluded that male
mate selection iM. rosenbergiiis based largely on the detection of female pheren
compounds. It is interesting to speculate whethisr reflects differences in pheromone

output (concentration) or pheromone identity betwa®rphotypes. Because BC males
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were the most attractive morphotype for all femahence their urine will be the key

target investigated in following chapters.
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Chapter 4 : The effect of sample treatment on sex pheromone
efficiency in sexual attraction
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4.1 General introduction

Chemical communication has been shown to infludeteviour of various crustaceans
(Ryan, 1966; Caldwell, 1979; Seifert, 1982). Cheahgenses appear to be the most
important to play major roles in regulating somehdegour of many decapods
crustaceans in various social interactions, loocatand evaluation of food and
navigation and evaluation of habitat (Rittschof92p Also, chemical signals are used
for both mate location and attraction (Gleeson,1)98s well as for evaluating the
quality or reproductive state of the sender (JamesHartnoll, 1997). Numerous studies
on decapod crustaceans have demonstrated the anperof chemical communication
signals during reproductive behavioural interadigRyan, 1966; Atema and Enstrom,

1971; Eales, 1974; Gleeson, 1980).

While communication between individual crustacedas been studied extensively,
investigations into the role of chemical signal$wsen male—female for reproductive
interactions are lacking. As demonstrated, in trevipus chapter, about the effect of
moulting stage and male morphotypes on sexuaktitimmbehaviour which then proved
the existence of chemical cues released fkbnmosenbergiiin water. Thus, more than
one chemical substance might be involved in colimigolchemical communication
between adult male and female rosenbergii Literature suggested different source(s)
of these chemicals in several aquatic crustace&eseaurine is one of those and most
candidate sources. Furthermore, more than one chesubstance might be involved in

controlling chemical communication between adultasand femaleb!. rosenbergii
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It has been shown that urine in crustaceans gugdlithat can carry important chemical
information in intra-specific interactions betweadividuals such as for courtship and
mating behaviour (Ryan, 1966; Christofferson, 19B8shmann and Atema, 1994;
1997; 2000; Atema, 1995; Karavanich and Atema, h98&mioet al, 2000; Hardege
et al, 2002; Raethkeet al, 2004). Also, urine in an aquatic crustacean plays
recognition of social hierarchy status of the opgdnand identifying other species of
crustacean (Karavanich and Atema, 1991; 1998a réifHauptet al, 1999; Zulandt-
Schneideet al, 2001; Breithaupt and Eger, 2002). Horatal. (2006) investigated the
source and specificity of the aggregation signaCaribbean spiny lobsterBanulirus
argus They found that urine from either sex is involiednating between both males
and females spiny lobsters. They suggested thaetlbaes are mediating copulation
behaviour and showing that urine is at least onercgoof the aggregation signal.
Raethkeet al. (2004) has shown that pheromones are releasedthéthirine and that
spiny lobsterJ. edwardsii post-moulted females during reproductive periodrewe
capable of distinguishing between male and fematewand were strongly attracted to
male urine. They suggested that pheromones emitidd the males’ urine helps

females to locate and chose a suitable mate.

Controlling urine release may affect communicafoofile in aquatic crustaceans. The
behavioural response to chemical signals in urig @so change depending on the
urine volume presented. In other words, aquatistaaean individuals may respond to
each other according to the amount of urine receik@n the surrounded environment.
Several attempts of studying behavioural responskesaquatic crustacean after

restricting urine release whether by controlling #tmount of urine or by blocking the
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urine opening. Bamber and Naylor (1997) observedl fdfmales were less attractive to
males following blocking of antennal gland opercafashore crabC. maenagnales.
When male lobsterd;l. americanusurine nephropores were blocked, Bushmann and
Atema (2000) noticed a significant reduction in timeidence of female shelter
approach and the time spent attempting to entex.domparison of agonistic behaviour
study in blocking and unblocking opercula of cralgfiO. rusticus Schneideret al.
(2001) found that the presence or absence of a icherborne in urine plays a
significant role in recognition between crayfishdividuals. They found crayfish
individuals fight longer time and more intenselyamhurine cues were absent (blocked
opercula) than when urine cues were present (ukétbopercula). They concluded that
communication of behavioural states through uriteyg an important role in social

recognition.

It is clear that urine in many aquatic crustaceplays a significant role in chemical

communication, especially for reproductive behakgot present, we know virtually

nothing about the chemical identity or the reledgaamics of the aggregation cue
contained within the urine d¥l. rosenbergii Although previous works indicated that
the quantity of urine released by individual crastan is playing a considerable factor
in the sexual interaction, however, there are \iemged studies on testing urine volume
(concentration) for sexual behavioural attractiGenerally, some of previous studies
were focused on the duration and the frequencyinéueleased from crustaceans into
the water environment. Simon and Moore (2007) salidihe length period of time that
both male and female crayfig€b. rusticusemitting urine. They noticed, significantly,

the highest amount of urine (91%) and the numbdrthe duration of urine released by
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both male and female crayfi€h rusticuswere when they were in a reproductive stage.
Others, in an agonistic behavioural study, Bergmaral. (2004) found that during
agonistic encounters, the dominant crayf@hrusticusrelease urine more frequently

than sub-ordinates.

In contrast, some previous studies showed thattawean species has limitation of
detecting others chemicals. A study conducted bghBwann and Atema (2000) on
lobsterH. americanusver a period of 12h, where both dominant (strpmgeferred by
the female) and sub-ordinate (less preferred) mplased together along with the
female lobsteH. americanusthe quantity of urine collected from both males mo
significant difference. They suggested that anycréisinatory cue is likely to be

qualitative rather than quantitative in nature.

4.2 Urine concentrations

From previous studies, it is clear that aquaticstaceans use chemicals for necessary
communication, with urine being a common carrieséh information with respect to
e.g. information about an individual's gender, oepictive status, and possibly
reproductive readiness or receptivity. Individuairenunicators are likely to control the
amount of urine released into the surrounding emvirent as a part of their behaviour,
this depending on the receiver’'s social and/or naéitn status. The amount of urine
released may have an influence on the attractidrasbeur of aquatic crustacean. In
other words, the length of time for attraction bgbar response of individuals takes

may depend on the volume or concentration of uroraing from the sender. However,
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the question of what level of urine volume can eay®sitive sexual attraction

responses is still vague and needs further invessig)

The literature is vey poor and limited in termsstfdies investigating the effect of urine
concentration of aquatic crustaceans on chemigahmanication. Surprisingly, studies
on the effect of using different urine concentnasimn the reproductive communication
behaviour of aquatic crustaceans are scarce. licylar, research to establish the
minimum urine concentration that could cause atpesattraction response is very
poor for aquatic crustaceans. Amongst those thaxiki, a study conducted by Atema
and Cowan (1986) who observed a positive sexuah\belrr response in American
lobsters,H. americanuswhen a urine volume of 500 pl and waterborne bodgur
volume of 20 ml were introduced to a test chamk¥hers, Bushmann and Atema
(2000) studied the effect of urine volume collecten female lobsteH. americanus
on male sexual behaviour and found that males asex urine output in response to
females attempting to enter their shelters. Hoatel. (2006) studied chemical cues by
using collected urine from both male and femalesspihy lobstersP. argus that
mediated shelter preference. Another study condumyeEkerholm and Hallberg (2005)
who delivered urine from pre-moult femdle maenast different concentrations in far,
near, and close/contact ranges, either as a pumgrajed plume or deposited on a
polyurethane sponge. They found that substancpseimoult female urine function as
primer and potent short-range releaser pheromadrtesy concluded that the stimulus
from pre-moult females is sufficient to elicit ieased search and mating-specific
behaviours. They suggested that there is a cdda@l of pheromone which maké€s

maenasresponds to each other. In other words, they ctttat there is at least a
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minimum level of pheromone which is enough to lebre crabs show a behavioural
response. However, they reported that pheromoneecdrations play a role in male
acceptance of females, recruiting more males {ooress and generating better responses
with increasing concentration. Such studies shothedmportance of urine as a carrier
of chemical cues for chemical communication amaomividuals in aquatic crustacean

populations.

For freshwater prawns, especialM. rosenbergii studies of urine concentration
affecting reproductive behavioural responses rertaime carried out. Such research is
therefore essential in order to assist the undwmigtg of chemical communication
betweenM. rosenbergiiindividuals. Several important aspects need tinbestigated
concerning urine characteristics and its influerare attraction behaviour oM.
rosenbergii First, is the question of whether urine conceignaobtained fromM.
rosenbergiiis playing any role in the sexual behavioural ceses between individuals?
If so, at what approximate level does it act? Sdcdrow stable are the attractive
components of urine and therefore do differentttneats (cold storage, freezing and
heating) affect urine quality and efficiency inrner of attraction behaviour? Finally,
how long will it take to attracM. rosenbergiiand if a combination of these factors
(concentration and temperature) were applied tofrésh urine. To answer the above
guestions, behavioural experiments were designeddata were then collected and

analysed.
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4.3 Urine temperature treatment

One aspect of this study is to investigate the attaristics of sex pheromones of
freshwater prawmM. rosenbergii Urine along with other excreted chemicals plays a
important role in courting and mating behavioumany animal taxa, including aquatic
crustaceans. Along with water, those excreted ctednsbntains several metabolite end
products of some organic substances such as matrthcarbohydrates and some other
inorganic substance such as minerals. Sex pher@rameeprobably made up from a
complex of several substances carried within urinenany animal species, including
aguatic crustaceans, breeding usually take plaesmwhrrounding temperature reach an
appropriate level. This means that sexual detedbemaviour varies across the year
according to the temperature. The stability of thleeromones with respect to
temperature may therefore have a direct affectearperomone quality and efficiency

during sexual attraction.

Accordingly, a number of trials were carried outiteestigate the effect of different
treatments on urine attractiveness, which in twefhects the stability / friability of

pheromone components contained in the urine. Itlwasthesized that exposing fresh
urine to different temperature treatments couldngeathe characteristics of those
organic substances. In other words, would temperatteatment of sex pheromone
affect their efficiency in sexual attraction belmwi? If so, to what extent? To test this
hypothesis, urine was exposed to different tempesatreatments such as cooling,
freezing and heating. In order to explore and ustded more of urine efficiency in

reproductive attraction, fresh urine of BC male rosenbergiiwas exposed to varied

temperature treatments (cooled, frozen and heated).

121



Very few studies have been carried out on the acteon of temperature treated sex
pheromones on sexual attraction behaviour. A numbér studies examine
responsiveness to pheromone at different tempestaithough this may be presumed
to be less dependent on pheromone friability tresponsiveness of the receiver. For
instance, Linret al. (1988) showed that the response specificity acfrdal fruit moths
Pectinophora gassypielland pink bollworm moth&rapholita molestamales to sex
pheromone specificity was temperature-dependemtb&iln species, Linet al. (1988)
observed that at 20°C, males exhibit a narrow phene blend-dose of specificity
while at 26°C, however, males exhibit a signifitatdwer degree of specificity. They
concluded that the degree of response specifiaty loe significantly affected by

temperature.

In freshwater teleosts, Bha#t al. (2002) studied the influence of both water
temperature and pH on olfactory sensitivity in mad@amilton’s barila Barilius

bendelisis They tested sexual responses of mBle bendelisisto two different

pheromones extracted from females (pre-ovaulatasroisl sulphate and post-
ovaulatory 15-keto-prostaglandin) at two differarater temperatures at 16.5°C (during
pre-spawning season) and at 23°C (during spawneasos). At 16.5°C and in
observation aquaria, the 20 ml flinf water flow rate and the 300 ml solution of from
both pre-ovaulatory and post-ovaulatory pheroma@oesentrations, they did not notice
any significant difference in the male responsebtdh of the female pheromones
compared to the control (blank water). However, tBaaal. (2002) observed that male
sexual responses at 23°C were significantly highan the controls under similar

experimental conditions.

122



4.3.1Cooled urine treatment

The literature contains a very limited number afdéts on testing the effect of storing
urine (or sex pheromones) at low temperatures otuadeattraction behaviour,

especially for aquatic crustaceans, although tlecebf temperature on pheromone
production has been studied. Under laboratory ¢immsi, Raina (2003) conducted an
experiment to study the effect of different tempemas on sex pheromones, but not
urine, production in corn earworrHelicoverpa zeaHe tested the effect of three
temperature treatments (15, 25 and 35°C) on thephexomone concentration in the
female corn earworm. Among his observations, R&2083) noticed that under normal
temperature (25°C) conditions, females producedwaerage of 36.1 £ 3.9 ng, while

cool (15°C) temperature treatments dramaticallyuced the sex pheromone
concentration produced in females (2.8 £ 1.1 ngélein Depending on the nature of
pheromone components, it is possible that behawaotivity will decline with storage

with respect to the activity observed in fresh arifhis may occur through degradation
of the compounds or through loss from urine by gutsmn onto holding containers or

loss of volatiles in the air. This will clearly natccur if the compounds are highly

stable, non-volatile or non-adsorptive (“sticky”).

4.3.2Frozen urine treatment

Very little research on using frozen urine in séxeaponse behaviour were found. This
shortage of such studies and others investigathmgygmone stability, is one of the
challenges and difficulties in getting a comprehansinderstanding regarding the key
attractive substances and their roles in chemicaincunication, especially for sexual

attraction behaviour.
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Horner et al. (2006) examined the source and specificity of themical signals
mediating sheltering behaviour in Caribbean spobstersP. argus by measuring the
time spent inside their shelters and the numbeentifes into the shelters. Horredral.
(2006) study conducted a study of the preferendespiny lobsters to shelters
emanating conspecific urine signals by using adsiag system flume (12 L, 0.75 W
and 0.35 m H) containing 2500 | of seawater ancewfiow rate of 300 ml minh (5
cm/s). They collected urine from sub-adult (youdglts) male and female spiny lobster
by connecting catheterised tubing to their nephregmds with plastic vials. Collection
vials of urine were emptied daily, pooled and sdoae-20°C. Urine stimuli in the sex-
specific experiment consist of either pooled urocwlected from all 4 catheterised
males or from all 4 catheterised females. Prioeach trial, urine was thawed and
diluted 1:10 or 1:100 in artificial seawater takgirectly from the flume. Observation
period for each trial was 1h and the lobster behawvas recorded by a video camera
mounted above the bioassay tank. Urine solutionudtiwere pumped into the bioassay
flume at about 15ml h This means that the 1:10 and 1:100 dilutionsad@ut 1500
and 150 pl respectively, of urine concentratioeaskd into the flow over the course of
1h. Compared with the control (only seawater), ltssof their study had showed that
both male and female spiny lobsters responded tb thee 1500 and 150 pl urine
concentrations of conspecific urine pooled acrasses. Furthermore, they suggested
that very low volumes (less than 150 pl) of condpearine are sufficient to elicit
attraction behaviour of spiny lobstBr argusand they strongly suggested that urine is

at least one source of communicational signalimgpecies.
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In another study, Bamber and Naylor (1997) studiedlevel of male shore cralis,
maenasthreshold detection of pheromone to pre-moult femaine. They used an
octograph system to assess chemical communicagiovebn crabs on a real time basis.
They collected and pooled urine from fifteen predthdemales and then saved it in a
freezer at -20°C. At the time of each trial, thenewas thawed and a number of serial
dilutions were made in filtered seawater to givimeivolumes of 0.1, 1.0, 10 and 100 pl
to be tested against 29 males. They noticed treatséxual responses of male shore
crabsC. maenasncreased with increasing urine concentrations, (D. 10 and 100 pt'l

of filtered seawater) that had been collected frpre-moult females. Bamber and
Naylor (1997) demonstrated that around 90% (2606@9) of the males have showed
positive sexual responses to a dilution of 100%fillered seawater while less than 14%

(4 out of 29) of males showed a positive sexugioase to 0.1 pl filtered seawater.

Many pheromones and semiochemicals of differenimahispecies exist in the
environment in different concentrations, such thegradation in the environment over
time may not be a serious barrier to effectivenEss.instance, Bjerseliust al. (1995)
studied the behavioural response of male goldfdrassius auratusto the sex
pheromone 1d,203-dihydroxy-4-pregnen-3-one (&7203-P) in the ambient water at
concentrations of I8 mol I'*. The authors noticed that fish spent significatebs time

in water scented with b720B3-P than in control water and spontaneous locomotors
activity increased significantly. Furthermore, sasd on sex pheromones of some
insects such as moth species show activity at carat®ns of 13°Mol (Wyatt, 2003).

For mammalian species such as mice, vomeronasabmelare sensitive to some

pheromones at concentrations of ‘1@ (Leinders-Zufallet al, 2000). Furthermore,
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pheromones concentrations released from larvalaadt lamprey are present in the

environment media as low as M (Li et al, 1995; Polkinghornet al, 2001).

In addition to its potentially preserving propestiédreezing may also be responsible for
degradation of activity, especially when materigl subjected to cycles of freeze-
thawing. Freezing will therefore be employed toeassthe friability of pheromone

compounds in the urine.

4.3.3Heated urine treatment

The literature is extremely poor with respect tg atudies testing the effects of heated
urine of aquatic crustaceans with respect to ditnadoehaviour. However, a single
study has tested the effect of boiled conditionetew but not urine, on the ovary
maturation of the freshwater prawh kistnensisNagabhushanarmt al. (1989) tested
the influence of the presence of male freshwatawps,M. kistnensispn the female’s
ovary maturation. Comparing between two conditiomeder sources, water collected
from a tank where sexually mature females wereeckar isolation and water collected
from a tank where both sexually mature femalesraaté M. kistnensishad been kept,
they found that the latter type of water had aeafbn the female’s ovary maturation.
This means that conditioned water held chemicals csecreted from the sexually
mature male prawn which were important to ovaryuraton of females. However,
when such conditioned water was boiled, Nagabhuwshast al. (1989) found no
evidence of any influence on female ovary maturatisuggesting that boiling had

destroyed the active component.
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Finding of the previous chapter showed the exigteicexual pheromone in the water
which is released from the adult and mature prawnghich play an important role in
sexual attraction. Along with water, urine is likethe main carrier of sexual
pheromones which contains several and complex dicab chemical substances such
as peptides, carbohydrates and minerals. As fourtkde previous chapter of being the
BC males M. rosenbergii are the most attractive to the newly-moulted fawal
however, the effect of fresh urine volume collectesin the BC males on sexual
attraction is still unknown. Subsequently, a questiaise is the volume of fresh urine is
a limiting factor in sexual attractions between laduales and femalds!. rosenbergii

If so, what is the limiting urine volume can maksignificant sexual response?

On other hand, content profile of pheromones infteghwater prawi. rosenbergiiis
anonymous. Since many proteins / peptides are nésed) to denature above 60°C,
urine was subjected to heating at 70°C to exantiaeeffect of heating on degradation
of activity with the intention of better characteng the active pheromone component.
So, studying some of their characters may giveanad to more understanding of their
nature. For instance, exposing urine to differemigerature may affect the nature and
then the efficiency of the pheromones, if so, tatwxtent? Treating urine with wide
ranges of temperature of cooling, freezing and ihgais possible to answer this
question. Thus, there are two main objectives i ¢hapter: first, is to study the effect
of fresh urine volume collected from BC males oe #exual attraction behaviour.
Second, the effect of temperature on the qualityrofe collected from prawn in the

sexual attraction.
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4.4 Materials and methods

The previous chapter showed that newly-moulted fempeawns with fully ripe ovaries
are the most receptive and attracted to water-baures derived from the most
dominant male BC, from amongst the male morphotyjrethis experiment, urine was
therefore collected from BC males in order to tdst sexual attraction behaviour
responses of newly-moulted females. The abilityMof rosenbergiito discriminate

between conspecific urine signals at different wods will be examined in the
following study. When newly-moulted female(s) beeaavailable therefore, fresh urine

was collected from several BC males on a dailydasi

4.4.1Urine collection

When urine was needed for an experiment, large nm&C males were collected from
the holding tanks. Each BC male was anaesthetsesal fectior2.2.9 on page 67 and
section2.2.10 on page 68) and then urine was collecteddasribed in sectioh.2.9 on
page 67). The collected fresh urine, from sevefalnBales, was pooled and kept inside
clear Eppendorfs (1.5ml each). From these Eppesddifferent fresh urine volumes,
depending to the experimental design, were colleeising an adjustable volume
micropipette (single channel) and injected into sbarce chamber (A) of the bioassay

tank system according to the designated trial desig

4.4.2Experimental bioassay tank set up

Prior to each experimental trial, the water flovgter temperature and oxygen levels of
the experimental tank were fixed and recorded @sribed in sectio.2.4 on page

60). For each trial, a newly-moulted female wascgthfor acclimation in the test
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chamber (B) of the bioassay system for 30 minutelseach experimental trial lasted 30

min afterwards.

4.4.3Behavioural response with fresh urine

Early morning, whenever any newly-moulted females i@und, fresh urine from BC
males was collected. Six volumes (10, 100, 200, 300 and 1000 pl) of fresh urine
were injected into the source chamber (A) of theabsay tank. Since each of bioassay
tanks contains approximately 100 litres so, addig100, 200, 300, 500 and 1000 pl
volumes of urine which are fully dispersed woulgega nominal concentration of 0.1,
1.0, 2.0, 3.0, 5.0 and 10yit,Irespectively. To test the sexual attraction bhavof
newly-moulted femalesM. rosenbergii placed in the test chamber (B) of the
experimental bioassay tank. This procedure wagivartimes a day with, 1 control run,

2 forward and 2 backward tank orientations conduébe each female. Twelve newly-

moulted females were used for each fresh urinemelu

4.4 4Temperature treatment

For all temperature treatments (fresh, cooled, eéinoand heated), fresh urine was
collected from BC males and treated with differearhperature regimes (see section
2.2.11 page 68). For the cooled treatment, fregtewas stored in a fridge at 4°C for
24-72 hours before being used for the sexual éttrabehaviour test. Similarly, some
of fresh urine was stored in a deep freezer atG70t at least 72 hours before being
used in the xperiment as frozen urine. The heate@ was prepared by holding fresh

urine inside Eppendorfs and placing it in a watathbat 70°C for 1 hour. For each of
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these temperature regimes, different concentrafjoris 1.0, 2.0, 3.0, 5.0 and 10f) |

were tested for the sexual attraction behavioumesily-moulted females.

As mentioned above (see sectidr2.6 on page 62) after each trial, the experimenta
tanks were cleaned and washed, especially thenaitside walls, to avoid any odour
residues from the previous trial. All sexual resgwrbehaviours were video taped,

analysed and reported.

4.5 Statistical testing

A hypothesis can be proposed that applying anyftescently collected) urine volume
will not affect the sexual attractiveness range. Shmilar sexual response is expecting
from newly-moulted female when any fresh urine weduis injected in the bioassay
system. Also, it can be proposed that the effigresfdresh urine collected from the BC
malesM. rosenbergiiin sexual attraction will not change if exposedvesy range of

temperature. In order to test these hypothesesdiffeyent trials were designed, one to
test the effect of different volumes of fresh Bdnaron the sexual attractiveness
responses and the other is to test the effecteoffrdbtsh BC urine exposed to various

temperature treatments.

Results were analysed using a repeated measuresabéinear model (GLM). For
analysing the effects of fresh urine collected fB@ males on the time taken to reach
the target by newly-moulted females (this trial émgmg 6 urine volumes in addition to

the control), a 2 (trials) x 2 (test chamber omions) x 7 (urine volumes including O
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control) design was employed. For analysing all glas together (the remaining
samples having no 0.1 |if koncentration (volume of 10 pl) urine concentratand
therefore only 6 urine concentrations), a 2 (tjiad2 (test chamber orientations) x 6

(urine volumes including 0 control) design was evgpH.

Post-hoc tests were carried out using Tukey's HSD test ddferences between
individual samples and a Dunnett's test for diffexes between all samples and a

control group (all tests checking to see if the ¢geup is less than the control group).
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4.6 Results

Before presenting the results part of this stutlis worth mentioning the effect of the
bioassay tank direction (orientations) during teendle’s behavioural response trials.
Since each newly-moulted female prawn was usedtifives in each trial, (1 for control
and 4 for test, 2 forward and 2 reverse orientadioa statistic test (see sectibh page
130) was ran to test the experimental bioassay tam@ntations. Statistical analysis
results showed no significant differengx.05) neither in the experimental run nor in
tank orientation directions in any of urine concatibn used see Table 17 and Figure

17.

4.6.1Effect of urine concentration on the time taken bynewly-moulted females
to reach target.

Urine concentration is considered here separately fthe temperature treatments as
there is an additional 0.1 pt'Isample but this data are also included in ther late
analyses with the non-significant 0.1 [l $ample omitted. Table 17 shows repeated
measures GLM for responses to urine concentratidriradicates that concentration had
a significant effect on response time. Experimenial number and orientation of the
test chamber were not significant from this analy@tigures 18 and 19). In this
experiment it was clear that higher volumes ofHresine gave faster newly-moulted

female response times.
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Table 17: Repeated measures GLM for effects ohfreale blue claw urine on the time taken by newly-
moulted females to reach target. Run = Experimental Orient = Chamber orientation, Vol. = Urine

concentration. Bold indicatg®<0.05.

ss DF* | MS® F P
Intercept 182122.21 182122.2| 6286.97[7/<0.000001
Error 318.6 11 29.0
RUN 1.6 1 1.6 0.099 0.758653
Error 174.5 11 15.9
ORIENT 5.1 1 5.1 0.360 0.560868
Error 154.5 11 14.0
VOL 16870.0 | 6 2811.7 193.87§ 0900001
Error 957.1 66 14.5
RUN*ORIENT 1.6 1 1.6 0.051 0.825185
Error 344.3 11 31.3
RUN*VOL 320.7 6 534 2.214 0.052429
Error 1593.0 66 24.1
ORIENT*VOL 2255 6 37.6 1.287 0.275491
Error 1927.4 66 29.2
RUN*ORIENT*VOL |207.0 6 34.5 1.157 0.339864
Error 1967.7 66 29.8

! Sum of Squares
2 DF: Degree of Freedom

% Mean of Squares
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Figure 17: Graph of the mean time taken by newlysltedl females to reach target exposed to fresh male
blue claw urine between the first and the secoatiruins.
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Figure 18: Graph of the mean time taken by newlyiltedl females to reach target exposed to fresh male
blue claw urine for forward and reverse tank dimet.
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Figure 19: Graph of the mean time taken by newlysltedl females to reach target exposed to different
concentrations of fresh male blue claw urime;, 12.

Table 18 shows a Tukey HStwst-hocanalysis of the data of fresh BC urine. From this
it can be seen that responses to the 0.1, 1.0 .&ndl2* samples are not significantly
different from those seen by the controls (the maeurate Dunnett's test, Table 19
however, suggests that the 2.0 [l is also significantly different). All other

concentrations more than 2.0 ftldre significantly different from one another.
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Table 18: Tukey HSIpost-hoctest for overall the time taken by newly-moultednfles to reach target

exposed to fresh blue claw male urine. Bold indisp£0.05,n = 12.

Urine Control | 0.1 plt [ 2.0plt* |20t |3.0plt |50t |200pt
volume

0.1pul Mt | 0.999989

1.0pl ™ |0.998272 0.999931

2.0ul ™ | 0.103467 0.169847| 0.304592

3.0ul™ | 0.006941| 0.013736| 0.032764| 0.954161

5.0 ul I* | 0.000128 0.000128 0.000128 0.000130, 0.000258

10.0 ul I* | 0.000128 0.000128 0.000128 0.000128 0.000128 0.001095

Table 19:Post-hocDunnett’s test against control for overall theditaken by newly-moulted females to
reach target exposed to fresh male blue claw uBignificance denotes that time taken to reachetasg
less than control. Bold indicatps0.05,n = 12.

Urine volume | Probability that time taken to reaatget is less than control
o1plrt 0.786599
1.0 pl It 0.664571
2. pul 0.018989
3oplt 0.001088
5.0 pl It 0.000021
10.0 pl it 0.000021
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4.6.2Effect of urine concentration and urine temperaturetreatment on the time
taken by newly-moulted females to reach target.

The interaction of urine concentration and tempgeatreatment type was studied and
the results are presented below. Since there mifisant found for the 0.1 plY of

fresh BC urine to attract newly-moulted female pmawthus, it not encouraging to
repeat this particular volume with temperature tedaurine. So, the analysis here
includes the foregoing data set but with the 0.1"pdoncentration samples omitted to

give a balanced design.

Table 20 shows repeated measures GLM of the reepaighe newly-moulted female
prawns to different concentrations and temperat@@&ments of male BC urine. From
this analysis it can be seen that temperaturenties@tand concentration added both had
a significant effect on the response of femaledidghe interaction between these two
main effects. Surprisingly, tank orientation alsalla significant effect with interactions
being seen with treatment, run and the concentratiaurine being added. Run number

did not have a significant effect of itself.
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Table 20: Repeated measures GLM for effects ohfreale blue claw urine on the time taken by newly-
moulted females to reach target. Run = Experimental Orient = Chamber orientation, Vol = Urine

concentration. Bold indicatg®<0.05,n = 12.

SS DF MS F P

Intercept 711072.8 1 711072.8 28364.70] <0.000001
TREAT 3857.3 3 1285.8 51.29 <0.000001
Error 1103.0 44 25.1

RUN 1.8 1 1.8 0.09 0.768644
RUN*TREAT 20.8 3 6.9 0.34 0.793838
Error 886.9 44 20.2

ORIENT 102.1 1 102.1 8.11 0.006668
ORIENT*TREAT 115.1 3 38.4 3.05 0.038390
Error 553.8 44 12.6

VOL 29293.0 5 5858.6 584.98 <0.000001
VOL*TREAT 4437.8 15 295.9 29.54 <0.000001
Error 2203.3 220 10.0

RUN*ORIENT 0.1 1 0.1 0.00 0.956622
RUN*ORIENT*TREAT 7.2 3 24 0.11 0.956655
Error 1011.0 44 23.0

RUN*VOL 28.1 5 5.6 0.44 0.822521
RUN*VOL*TREAT 680.5 15 45.4 3.53 0.000019
Error 2830.3 220 12.9

ORIENT*VOL 126.3 5 25.3 1.89 0.096593
ORIENT*VOL*TREAT 239.2 15 15.9 1.20 0.276602
Error 2934.8 220 13.3

RUN*ORIENT*VOL 78.8 5 15.8 1.09 0.368777
RUN*ORIENT*VOL*TREAT | 495.0 15 33.0 2.28 0.005242
Error 3190.2 220 14.5
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Figure 20 shows the response of newly-moulted fenmawns to the various
temperature treatments tested, with a clear detlinesponse to nominally increasingly
degradative treatments. Also, Table 20 shows that tteated samples were all
significantly different from controls (freshwatenlg) and from one another. Figures 21
and 22 illustrate the effects of run number andndbexr orientation respectively on
response. Although experimental runs are similareths a slower response seen in

orientation 2.
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Figure 20: Graph of mean time taken to reach tdrgetewly-moulted females exposed to male blue
claw urine treated in a number of ways.

Table 21: Tukey HSIpost-hoctest for overall time taken by newly-moulted feesato reach target
exposed to fresh BC male urine. Test for differsrioeesponses to urine treatment. Bold indicates
p<0.05.

Urine Treatment | pregpy Cooled Frozen Heated
Fresh

Cooled 0.000400

Frozen 0.000169 0.002680

Heated 0.000169 0.000169 0.006216
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Table 22: The mean of sexual response time (mihofazewly-moulted femalel!. rosenbergiito BC
male urine treated with different temperature trestt.

Urine Treatment | £ragh Cooled Frozen Heated

Mean 22.274 24.167 25.743 27.194

35 T r
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Mean Time Taken (mins +/- 95%conf.)
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Figure 21: Graph of mean time taken by newly-malfeanales to reach target exposed to male BC urine
in successive experimental runs.
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Figure 22: Graph of mean time taken by newly-malftanales to reach target exposed to male blue
claw urine with two test chamber orientations.

Table 21 shows a Tukey HSD test for differencesvben responses to the tested fresh
urine concentrations (see also Figure 23). In thiperiment, with the larger
concentrations analysed overall, all added conagatr more than 1.0 pf‘lwere seen

to elicit significantly more rapid responses thamtcols. All added concentration more
than 1.0 pl T elicited faster responses than lower concentrat®cept for 2.0 pl
and 3.0 pl T which gave similar responses. A Dunnett's tesb(@#1) supports the
significant difference of all responses to concatiins more than 1.0 pift from those

seen to controls.
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Table 23: Tukey HSIpost-hoctest for overall time taken by newly-moulted feesato reach target
exposed to fresh BC male urine. Test for differericeresponses to urine concentration. Bold indiat

p<0.05,n = 12.

Urine Volume | Control | 1.0pMf | 2.0l |[3.0ul* |5.0p 1t [ 100 plt?
1.0 pl I 0.980970

2.0pl 0.016397| 0.121797

3oulm 0.000021| 0.00004(0.191503

5.0pl 0.000020| 0.000020 0.000020 0.000020

10.0 ul I 0.000020| 0.000020 0.000020 0.000020 0.000020
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Table 24:Post-hocDunnett’s test against control for overall timkea by newly-moulted females to
reach target exposed to fresh male blue claw uBignificance denotes that time taken to reachetasg
less than control. Test for differences in respsrisairine concentration. Bold indicafes0.05.

Urine volume Control
29.651 (average time, min)

1.0pltt 0.550221
20 pl 0.003419
3.0pulrt 0.000021
5.0 pl It 0.000021
10.0 pl it 0.000021
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Figure 23: Graph of mean time taken by newly-malfeanales to reach target exposed to male blue
claw urine with different urine concentrations.
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Figure 24: Graph of interactions in mean time taligmewly-moulted females to reach target exposed t
male blue claw urine treated with different treatiseand with different concentrations (j1) bf urine.

The significant interactive effect of treatment amihe concentration are shown in
Figure 24. Unsurprisingly the effect of degradatteenperature treatments is greater
where there is a higher initial concentration &g a more rapid response from
females. Figure 25 shows the significant interaxtion female response time of urine
concentrations, temperature-treatment and test lobaorientation. It can be seen that
there is a marked effect on chamber orientatichehighest concentration (10.0 ) |

with responses in orientation 2 being slower. Téfifect is less pronounced / more

20 +

15+

10

Urine Treatment Type

arbitrary at lower concentrations.
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Figure 25: Graph of interactions in mean time taligmewly-moulted females to reach target exposed t
BC male urine added at different concentrations) different temperature treatments and with tveb te
chamber orientations.
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4.7 Discussion

Several decades of studies have suggested thatisrime of the major putative sources
of pheromone in a number of aquatic crustacean pdecapecies, including’.
sanguinolentugRyan, 1966)H. americanugMcLeeseet al, 1977),C. maenagEales,
1974) andC. sapiduqGleeson, 1980). The present study re-examinedque findings
using a behavioural bioassay to compare the respook sexually receptive newly-
moulted female to urine derived from BC male freatew prawns. The results of these
experiments clearly demonstrated positive femaleabeural responses which are

sexually and temporally specific to BC male frestew@rawn urine.

The findings of this study indicate the existenéengportant information carried and
transmitted through chemicals in the urineMafrosenbergii which play an important
role in the determination and progression of repotite and dominance status.
Observations in this study showed that newly-mauliemale M. rosenbergiiwere
attracted to BC male urine. This study clearly aadies the important role of urine as a
carrying medium for chemical cues rich in infornoatifor reproductive recognition and
attraction behaviours iM. rosenbergii The presence of sex pheromone in BC male
urine is thus well established. These findings cidi@ with those found in previous
studies of some other aquatic crustacean specids & the lobsteH. americanus
(Atema, 1986; Cowan, 1991; Atema, 1995; BushmamhAtema, 1997; Karavanich
and Atema, 1998a), spiny lobstels edwardsii(Raethkeet al, 2004) andP. argus
(Horner et al, 2006), shore cral. maenas(Bamber and Naylor, 1996a; 199T7),
dorsettensigJones and Hartnoll, 1997J,. cheiragonugKamio et al, 2003; 2005),

crayfish O. virilis (Hazlett, 1985),P. leniusculus(Stebbinget al, 2003) P. clarkii
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(Figler et al., 2005),0. rusticus(Simon and Moore, 2007), rotif@rachionus plicatilis
(Rico-Martinez and Snell, 1997) and snapping shrineterocheligRahmanet al.,

2001).

Results obtained in the recent study do, howeusowssome differences to those
reported in some other works which showed that sother crustacean species are
limited in their ability to detect or respond tohet conspecifics through chemically
mediated signals alone. Although males increasex wutput in response to females,
Bushmann and Atema (2000) reported that when ufmeen male lobster,H.
americanuswas collected and injected into a bioassay sydterthe presence of a
catheterised male, this restored female approablstvintroducing urine alone did not
induce approaching behaviour. However, when thegkeld males’ urine nephropore,
females significantly reduced approaching behaviowards the male. The latter study
did not indicate how much urine dose was injectdd the bioassay system for that

particular experiment.

4.7.1Fresh urine concentration

In aquatic crustaceans, urine released by an ohaiican elicit a positive sexual
response from receiving individub. rosenbergii however, the minimum amount of
urine that can invoke a positive sexual respons®is to be determined. Thus, if the
amount of urine released is restricted into thecsunrded environment or controlled,
would a receptive prawn respond positively to aegiamount of urine, and if so, how

long would the response take?
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Observations made in this study showed that nevdytad femaleM. rosenbergii
responded positively to fresh urine obtained fro@ Bales at all the concentrations
tested. However, the speed of sexual responsesvarnid depends directly upon the
urine dose injected into the bioassay tank sysiesults obtained here show that the
sexual response time of females was elevated efthation of the BC male fresh urine
concentration in a nearly linear profile. In otewsrds, the response seen to fresh urine
is directly proportional to the urine concentratrefeased into the bioassay system tank.
For instance, at low fresh urine concentrations (0.1, 1.0 pl Yand 2.0 plt), female
response time was significantly longer than at3teepl I*, 5.0 pl I* and 10.0 pl't

concentrations.

Atema and Cowan, (1986) observed a positive senas@lonse in American lobstet.
americanuswhen they compared the seawater control with onky volume, 500 pl of
urine. At the same volume 500 pl, similar findingsre recorded in the present results.
Testing only one urine volume, as reported by Atesna Cowan, (1986), is not
adequate to obtain a wider profile of sexual respen Comparing several levels of
urine dose is likely to give a better understandimg effects of urine dose on sexual
responses. A report of the minimum volume that d@aluse positive responses is also
lacking in the Atema and Cowan (1986) study. In therent study, although slight
sexual responses by newly-moulted femislerosenbergiiwere noticed at the three
fresh urine concentrations 0.1 | 1.0 pl I* and 2.0 plf, statistical analysis indicates
no significant different>0.05) between these three concentrations. Thisinthyate
that these three particular concentrations aresufbicient to elicit attraction behaviour

in newly-moulted females. The Atema and Cowan (b9&Gudy did not indicate the
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time scale of responses, a further important patemie measuring response. Later,
several relative studies di. americanuswere conducted by Bushmann and Atema
(1994, 1997, 2000), however, none of them wereingsthe urine concentration
parameter on the sexual response behaviour. Thubgef research on different urine
volumes in other crustaceans may help explanatidheocharacteristics and the potent

effect of urine volume on sexual behavioural attomc

Although when 10.0 pl} of fresh urine were injected into the bioassaytesystank,
this resulted in the fastest sexual response, BI0* was found to be the minimum
capable of eliciting a significanp€0.05) sexual response. Thus, it is possible tgesig
that 3.0 pl T of fresh urine is an adequate concentration tokeva significant sexual
attraction under laboratory conditions. The criticane concentration of BC males
which can elicit a significant sexual attractionngfwly-moulted femalebl. rosenbergii

is therefore likely to lie between 2.0 it And 3.0 plf. Final determination of this
threshold parameter requires further investigatidthough, the pheromone component
guality is important to elicit sexual attractiontlveen male and female prawn, however,
a suggestion proposed by Bushmann and Atema (20@@)contrast to the findings of
this study who reported that sexual attraction lehe between male and femate

americanugs qualitative rather than quantitative dependent.

The effects of the experimental tank run, tankrdagon and urine concentration on the
sexual behaviour oM. rosenbergiiwere tested as shown in Figures 21 and 22.
Amongst these three factors, only urine volume &atgnificant p<0.05) effect on the

sexual behaviour of the newly-moulted female prawn.
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4.7.2Urine temperature treatment

Different temperature-treated BC male urine typesewused to test the friability of
active components (pheromones) and the effect gfadation upon newly-moulted
female sexual behaviour. Results of this experinrsantved that temperature treatments
reduce the efficiency of urine in terms of sexu#daation of newly-moulted femalgl.
rosenbergii When temperature-treatments were applied to feeste collected from
BC male prawns, different results were obtainea ti@se obtained previously (in this
study) for the fresh urine trials. Amongst the temgpure treatments, however, newly-
moulted females were slowest in sexual responsen ey were tested with heated

urine.

Significantly, £<0.05) this experiment showed that newly-moulteddkes responded
to fresh urine faster than to any of the other terare-treated urine types (cooled,
frozen and heated). It can be suggested that teypertherefore affects the capacity of
BC male urine to attract newly-moulted females.sT$uiggests that the key chemicals
causing sexual attraction behaviour are either atkggt or totally destroyed by
temperature treatments. These kinds of compoundshvére sensitive to temperature

could be suggested to be organic chemicals suphoéain or carbohydrate or both.

4.7.3Cooled urine treatment

Cooled-treated (4°C) urine of BC male prawns isisicantly different £<0.05) from
the fresh urine. The overall pattern for coolectee urine was following similar
pattern of fresh urine concentrations in which gexual responses increase with

increasing the injected doses. However, the sexattaaction reactions of newly-
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moulted female towards cooled urine concentratwaee slower than the fresh urine
concentrations. The slow responses by the newlytetbdemale may indicate that
some of pheromone components in the cool-treate@ were either partly changed or
degraded. In comparison between cooled urine tigmale showed no significant
difference p>0.05) in their responses towards 1.0 fitbncentration compared to 2.0
ul I of cooled urine. At concentration of 3.0 jtldnd higher of cooled urine treatment,
newly-moulted females showed significantly<Q.05) positive higher responses than
towards 1.0 pl't and 2.0 plt. Meanwhile, there is no significant differenge@.05)

in sexual response of newly-moulted female betw&énpul I* and 10.0 plt. This
probably indicates that 5.0 it Is adequate enough to elicit sexual behaviouactton
and any bigger concentration will not make any ificgnt change in the female’s
attraction behaviour. Results of this study sugghlsat urine contents were partly
degraded in cooling treatment. Thus, the low sexaitbction behaviour of newly-
moulted femaled. rosenbergiitowards cooled urine is a clear indication thatist
fresh urine even just at low temperature (4°C) hHdcted its quality and efficiency

with time in reproductive communication.

4.7.4Frozen urine

As shown in the results of this study, sexual resps increased with increasing urine
concentrations regardless of temperature treattygpat Obviously, frozen urine is less
effective in sexual attraction for newly-moultednige than both the fresh and cooled
urine within corresponding concentrations. Resoftsecent study showed that newly-
moulted femaleM. rosenbergiihad no significant differencgX0.05) of their sexual
response toward concentrations lower than 5.0"8.0, 2.0 and 1.0 pl*) of frozen

urine. This indicates clearly that freezing urine -@0°C had partly degraded the
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efficiency of pheromone. Relatively, newly-moultizinales responded to the cooled
urine faster than the frozen urine, so, it canumgyested that freezing treatment (-70°C)

to fresh urine is causing more degradation of pierce than cooling treatment (4°C).

Previous works conducted by Horredral. (2006) who examined chemically mediated
sheltering behaviour iR. argus,and use it to examine the source and specificithef
aggregation signal. They reported that low conegioim 0.01 pl T of frozen (-20°C)
could be detected by lobster argus while in the current study, very low response of
M. rosenbergiiwas observed to a concentration of 0.1udf frozen urine. Differences
in behavioural responses seen with respect tordmept study are probably attributable
to the differences in experimental design, and qestto the quality and the quantity of
the collected urine. For example, these authorshdiddetermine (quantify) what was
the least significant amount of urine that coulitiela positive response. Also, the
manner in which urine was collected, pooled anaté@ could influence its odour
quality, which in turn could affect the behaviouralsponses of the spiny lobsters.
Furthermore, since their experiment was about stgdthe sexual responses of spiny
lobster, the experimental lobster individuals usetheir study were sub-adults (young
adults) which may have not reached a sexual mataratage capable of producing sex
pheromone. Hornegt al. (2006) also failed to indicate whether they clehtiee flume
bioassay tank after each trial such that the residtom previous trials might affect the
following one. Since Horneet al. (2006) used artificial (unfrozen) seawater froma th
flume bioassay tank as the control stimulus, therpretation might have been more

useful if collected urine as well as frozen urirael lalso employed.
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Although there are some differences in the expeartaieconditions between Bamber
and Naylor's 1997 study and this study, howeveeirtHindings are broadly in
agreement with the results obtained in this studylich sexual behavioural responses
increased with increasing urine volumes. Using C20%zen urine, they reported that
26 out of 29 of male shore cralis, maenashowed positive sexual responses to a urine
collected from pre-moult female at dilution of 1Q0in one litre of filtered seawater
(100 pl I*) while only 4 out of 29 males showed positive sexesponses to 0.1}t .|

For frozen urine (-70°C) in this study, significanisitive sexual responses of newly-
moulted femaledvl. rosenbergiiwere found only at 5.0 pl*land 10.0 plt of urine
concentrations, which are far away from what haeenbreported by Bamber and

Naylor (1997) who used urine concentrations of 0.Q, 10 and 100 pf

Differences between Bamber and Naylor (1997) figdiand the results obtained in the
present study are probably due to the involvementseveral factors including

experimental conditions, level of sensitivity togpbmone and chemical content of
urine. One of the experimental conditions differingBamber and Naylor’'s 1997 study
is the procedure for collecting and storing uribey collected urine at the end of the
day, pooled it and then stored it in a freezeR@fE, while in this study fresh urine was
collected and stored immediately in a freezer &C7 Freezing urine at -70°C may
reserve sex pheromone more efficiently than -20A@ this may affect attraction

behaviour. Second, it may be related to the let/skasitivity to the pheromone. Shore
crabC. maenasnales may have responded to the very low urineeaamnation of pre-

moult female because probably they have higher oh@wreptive sensors than newly-

moulted femaleM. rosenbergii Also, the sex pheromone substances of pre-moult
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female shore crabs may differ in their attractividicency from BC male sex
pheromones. It has been reported that male buenwatle crustaceans control (increase
and decrease) their urine release according to dpmgonents individual status
(Breithauptet al., 1999; Breithaupt and Atema, 2000; Zulandt-Schrreaiel Moore,
2000). It is worth mentioning that urine of fresheraCrustacea such & rosenbergii
will be more dilute compared to those of marine Sfawwea species. Accordingly, such
difference between these two environmental mediddcbe a considerable factor in
producing varying concentrations of pheromone. Thalthough females’ urine might
have an important function in reproductive behawithe urine volume factor may be
less important to sexual attractive behaviour theales’ because urine released from
males often shows not only reproductive statusatsd position in the social hierarchy
(Ra’anan and Cohen, 1985). Finally, behaviourgbaases may be affected by study
time since the experimental observation time penothe Bamber and Naylor (1997)
study was 60 minutes which is exactly double timgtle applied in this study. It should
be noted finally that the volume of 100 ul in Bambad Naylor (1997) study is surely
not 100% pure urine, as compared to this studyrdther a diluted solution of urine in

seawater.

4.7 5Heated urine

Results of this study for heated urine shows alampattern to the other temperature
treated urine. Although the time taken for femasponses became slightly faster with
increasing heated urine concentrations, howevegethiesponses were not statistically
significant £>0.05). Studies testing the effects of high temjpeeatreatment (heated
or/and boiled) urine on attractive properties ihestanimal taxa is limited. In insects,

Ono (1992) reported that the components of sexoophene of the potato tuberworm
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moth, Phthorimaea operculellawere influenced by the rearing temperature inctvhi
sex pheromone percentage dropped as the rearingetatare was raised. Another
laboratory experiment to study the effect of terapge and humidity on sex
pheromone, but not urine, production in corn eamvbl. zeawas conducted by Raina
(2003). Raina’s study tested the effect of threepterature treatments (15, 25 and 35°C)
on sex pheromone volume in the female corn earwamchit was observed that both
cool and warm (15 and 35°C) temperature treatmeatiiced sex pheromone
concentration in females. This differences, howgvermore likely to be due to
differences in pheromone production than to diffiess in pheromone degradation. It is
irrational to compare both of Ono (1992) and R4R@03) studies, or any similar, with
the current findings oM. rosenbergiisimply because both were applied on terrestrial
insects which are different than the aquatic caesta. However, one of the most
important point to be highlighted out of these tstodies is that pheromone has critical
sensitivity to the surrounded temperature. As showthe urine of BC males heating

urine disintegrated the key substance(s) of phenenirovolved in sexual attraction.

Studies testing high temperature treatment (heatiohd boiled) of urine for aquatic
crustacean seems to be largely absent from thatlite. Nagabhushanagh al. (1989)

focused on the effect of conditioned water carrysex pheromone on the female’s
ovary maturation but not on sexual response ofrighwater prawm. kistnensisin

their study they tested boiled conditioned watet bot urine. The content of
conditioned water is likely to comprise more thame excreted compound of which
urine is only one component. Nagabhushaneimal. (1989) showed clearly that

temperature treatment of conditioned watery. boiling degraded responses. This
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probably indicates that the effective substanagaimsing ovary maturation was changed
or damaged when boiled. In comparison, high temperdreatment of urine as carried
out in this study had effects consistent with thosgorted by Nagabhushanash al.
(1989). Thus, exposing pheromone to high temperatwhether heating or boiling,
probably degrades the chemical cues associated th@threproductive behaviour of
freshwater prawn and this in turn effect the champroperties of the attractive active
component of urine. Further investigation of thi#edential effects heat treatments on
urine or pheromone can determine more about optteraperature tolerance of the

active factors and about the chemical nature oattiee component.
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Chapter 5 Antennal gland: Morphology and function
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5.1 Antennal gland

The antennal gland (AG) also known sometimes agythen or maxillary gland, has
been studied and described as an excretory orgaeviral crustacean species such as
the crayfish.Cambarus sp(Anderson and Beams, 195@ustropotamobius pallipes
(Riegel, 1963, 1965, 1966Qrconectes virilis(Riegel, 1963; Kirschner and Wagner,
1965; Shivers and Chauvin, 1970, limosus(Riegel, 1965)Astacus astacuévogt,
2002),Procambarus blandingiPeterson and Loizzi, 1973, 1978), clarkii (Schaffner
and Rodewald, 1978; Wheatbt al, 2004), P. leniusculus(Kirschner and Wagner,

1965; Fulleret al, 1989), andA. leptodactylugKhodabandelet al, 2005ab).

The AG has also been described in other crustageacies: the blue crall,. sapidus
(Johnson, 1980); the brachyuran ghost cfatypode albicangFlemister, 1959), the
fiddler crab,Uca mordax(Schmidt-Nielseret al, 1968),Cancer borealigHolliday and
Miller, 1984), the horseshoe crabimulus polyphemu¢Briggs and Moss, 1997), the
lobster, H. gammarus(Burger, 1957; Benhket al, 1990; Bushmann and Atema,
1996b; Dove, 2005; Khodabandehal, 2005c), the spiny lobstel, edwardsi(Binns
and Peterson, 1969), the freshwater cherry or hetnp, Neocaridina denticulata
(Ueno et al, 1997), P. monodon(Lin et al, 2000) and the amphipodorophium

curispinum(Taylor and Harris, 1986).

Other literature has suggested that the tegumglaatl is an important excretory organ
in which removes excess, unnecessary or dangeraterials from an organism as in

crustaceans as have been reported in some othapatkc such aBerocheilocaris
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typica (Crustacea, Mystacocarida) (Elofsson and Hes2@5; Hessler and Elofsson,
2007). It has been proposed that the maxillary dyiensome crustacean species as a
principal excretory organs such as in brine shriMyptemia salina (Crustacea,
Branchipoda) (Tyson, 1969); isopodasellus aquaticugCrustacea, Malacostraca)
(Walter and Wagele, 1990); Branchypodiytchinsoniella macracanth&Crustacea,
Cephalocarida) (Hessler and Elofsson, 1991) ahadthrobathynella stammeri

(Syncarida, Malacostraca) (Steenken and Schmirdgg)1

It has been demonstrated that the excretory syist@nustaceanse. the AGs is derived
from the segmental nephridial of ancestral taxéhrfdon, 1980). Since the AG in
crustacean is responsible for excreting urine whighbelieved to carry the sex
pheromone used in reproductive behaviour, this temapill principally focus on this
organ. The AG in crustacean is an essential exgreigan whose main function is to
eliminate metabolic wastes, regulate haemolymphcantrol osmotic regulation (Vogt,
2002). To maintain osmotic homeostasis of the h&gnmh hypertonic, the
superfluous water must be withdrawn from the hagmph and discharged from the
body without losing electrolytes (Vogt, 2002). Mover, Vogt (2002) stated that there
were experimental evidence that the AG of crayfshalso involved in excretion of
organic xenobiotics and heavy metals. Decapod ataans have a bilateral pair of AGs
which are located at the base of each antennaermatiterior ventral region of the
cephalothorax. Generally speaking, each of themsdglfunctionally is equivalent to the
kidneys of mammals, connecting with two primitivects leading to excretory pores
open to the external environment. Each AG has @glesimpening (nephropore) which is

located on the underside of the coxae of the flageantenna (Vogt, 2002).
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5.1.1Antennal gland morphology

Several previous studies in crustaceans have mdvidifferent morphological
descriptions of the AG. Depending on whether thistaiceans are marine or freshwater
species, the literature shows similarities andedéiices in describing the morphological
and functional aspects of the AGs. Some authorsrieg that the AG is composed of
three regions while others found four. In some tawmsans, especially freshwater
crayfish species, a nephridial canal joins the Hiaibly tubule with the bladder cavity
while this kind of tubule is missing in marine darsean species such as crabs

(Schmidt-Nielseret al, 1968; Peterson and Loizzi, 1974).

Among those studies which proposed that the AG<grostaceans possesses three
regions are those of Goodrich (1946); Parry (198®Xerson and Loizzi (1973, 1974);
Holliday and Miller (1984); Fulleet al, (1989); Benhkeet al. (1990); Arkarajamon
(1991); Nakamura and Nishigaki (1991); Rinderhageal. (2000) and Xiaoyuret al.
(2003). Other studies which suggested that AGsistatsof four regions include those
of Johnson (1980); Vogt (2002); Wheatletyal. (2004) and Shuang-lin and Nai-cheng
(2007). It seems that a nephridial tubule is thiegyal feature which distinguishes
between the two groups. This particular portiothef AG in the freshwater species acts
as a salt-reabsorbing mechanism. A brief coverdgeeomorphological and functional

aspects of the AGs for both two groups is provihetthis chapter.

Early on, Goodrich (1946) reviewed the previousréture concerning the AGs of
different crustacean species and published frony¢lae 1895 till 1946. He reported the

excretory system of crustaceans as having thré@diparts (a) a proximal hollow end
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sac (coelomosac) opening into (b) a narrow excyetanal merging to (c) a distal duct
(labyrinth) of ectodermal origin, terminating inettopening pore on the base of the
second antenna. Also, a brief review is given bwyilkar (1941) of descriptions of the
morphology of the excretory organs of palaemon@nyms. He showed that each AG
comprised an end-sac, tubular labyrinth and bladtiee end sac lies at the base of the
antenna and has a small compact coelomosac amalitss considerably folded. The
inner layer is complicated and lined by large eglitti cells which have clear nuclei and
granular cytoplasm, whereas, the outer layer costai connective tissue with blood
spaces. Second, the labyrinth which consists addrastomosing network of tubules is
formed from a single layer of epithelial cells Iedd the bladder. The bladder is the last
part of the AG. At the end of bladder there is arslduct leading to a nephropore,

which is located at the base of the antennary pgdwom a small papilla.

Later, Peterson and Loizzi (1973, 1974) demongirdéit@t the main regions of the
freshwater crayfishP. blandingj AG are the coelomosac, labyrinth and nephridial
canal. They gave a brief description from a morpblal and functional point of view
of these three main regions. The coelomosac coesgpsigbstantial cells joined together
by several junction areas but they are connectédettvasal lamina by pedicels. Within
the cytoplasm, there are various vacuoles and lessof different sizes. According to
the staining tendency and morphological charadiesisPeterson and Loizzi (1973,
1974) demonstrated that the labyrinth Raf blandingican be distinguished into two
distinct parts. This particular region of the AGshauboidal and columnar cells which
have a brush border, long and narrow intercellglzaces, basal plasmalemmal (cell

membrane) invaginations and typical cytoplasmic ponents. These authors suggested
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that in P. blandingithe adjacent areas of epithelium may have nubli are either
homogeneous or granular in both secreting and aoresng epithelia. The nephridial
canal region does not have a brush border andstertdicells that have extensive basal
invaginations associated with elongated mitoch@drhe proximal cells in this region
are small and filled with mitochondria throughoiihe cytoplasm contains several
vesicles and vacuoles, free ribosomes, dense hatifesse glycogen, and some rough
endoplasmic reticulum. Compared to the proximalscehe distal cells are large, less
compact, and cuboidal to columnar in shape. Theptysm of the distal cells is similar
to that of the proximal cells, but it differs inspgect to the basal invaginations which are
even larger and more extensive. In both proximdl distal region cells, it is suggested

that active solute reabsorption occurs, probab@resy an osmotic gradient.

Holliday and Miller (1984) demonstrated that thbylanth and bladder in crayfish are
connected with a tubule. Using standard technidaescanning electron microscopy
and ultrasonic micro-dissection, Fullgral. (1989), reported that the AG of the crayfish
P. leniusculus similarly consists of three major parts. Firgte tcoelomosac which

contains elongated cells (podocytes) with microall the apical surface. Also, they
stated that a smooth basal lamina was found toooorihe blood space that supplies
haemolymph to the coelomosac. Second, the labydattsists of tall columnar cells

with apical microvilli. Third, the nephron tubulehweh consists of two distinct areas: a
proximal region that has flattened cells with esiea intercellular fusions, and a distal

region of separated dome-shaped cells.
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For the lobsterH. americanusBehnkeet al. (1990) also found that the AG has three
main regions, the coelomosac, the labyrinth and lteglder. In a physiological
comparison between the AG of crustaceans and treekiof mammals, Behnlet al.
(1990) reported that both the AG and the kidneyskwalike but that the AG is
structurally less complex. The mammalian kidnegdmposed of a multitude of single
nephron units each contributing to overall filtoatiand reabsorption, while the AG in
crustaceans does not have this degree of complééknkeet al, 1990). Also, the
fine structure of epithelial tissues in the coelsamis analogous to the podocyte tissues
in the Bowman’s capsule of vertebrates (Schmidtggieet al, 1968; Tyson, 1968;

Peterson and Loizzi, 1974).

For shrimp, Nakamura and Nishigaki (1991) demotetrahat the AG of the kuruma
prawn,P. japonicusis composed of a coelomosac, labyrinth and wyibéadder. Both
the coelomosac and the urinary bladder showed alesnvariety of vesicles. Later,
Xiaoyun et al. (2003) examined the AG under light and electrorrascopy. They
showed that the AG of the shrimip, chinensisconsists of a coelomosac, labyrinth and
nephridial canal. The coelomosac wall is composegamocytes and a basement
membrane. The podocytes are connected with thert@ademembrane at the basal side
and project towards the lumen at the apical sithe. Alood carried by the blood vessels
and small arteries is filtered across the basemmembrane of the coelomosac and thus
moves from wall of the small arteries into the ocoebsac to form primary urine. The
labyrinth columnar cells display microvilli and t@hembrane invaginations. Finally,

the nephridial tubules come after the labyrinthwinich the basal cell membranes are
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invaginated. Nevertheless, the lateral cell memdsani the epithelium of the nephridial

tubules are deeper and larger than those of thieedipl cells in the labyrinth.

Other authors suggested that the AG of crustace@amgrise four regions. For the blue
crab, Johnson (1980) suggested that each AG censistour regions, the apical

coelomosac (end sac), labyrinth (excretory or reabule), nephridial canal and the
bladder. He demonstrated that the coelomosac nisesbdermal tissue origin while the
labyrinth, nephridial canal and the bladder are@B#ctodermal origin. He demonstrated
that the coelomosac tubule is formed from a sitayer of podocyte epithelial cells,

lacks connective tissues, vacuolated toward thestuand that the apical margins of
these cells are thin and tenuous. The nuclei optiumcyte cells are small, granular and
dense and basally located while the nucleoli ateclear. The cells of the coelomosac
luminal surface, however, contain various bodieth wiifferent sizes where the large
ones extruded cytoplasmic inclusions. The two oppsepithelia of the coelomosac

and the labyrinth are joined across the haemalespesgularly and sometimes appear
adjacent. Cells of the labyrinth epithelium havécalppinocytotic vesicles, lysosome-

like dense bodies on the basal side and abunddatimondria, especially basally. He
demonstrated that cells in the epithelial tissuthefbladder are very similar to those of
the labyrinth and appear to have similar shape hdnein secretory or non-secretory
condition. Compared to the bladder, however, herted that variation in the intensity

of secretory activity and in the height of epithklcells tends to be less than in the
labyrinth. In addition, the basal portion of theéaplasm has some indistinct fibrils than

the labyrinth and there is less glycogen preseart th the labyrinth.
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Johnson (1980) reported that the appearance dfedipittissues in the labyrinth tubule
of the blue crab differed according to their phiegical state; thus when in a non-
secretory phase, cells are varied in their shapm ftubical to low columnar. Also,

nuclei contained a distinct nucleolus located eitbentrally or apically and were

homogeneous or granular. The cytoplasm in the iathyrcells appears to have two
main zones, the basal and the apical zones. The base contains threadlike fibres
“fibrillar” and extends from the basal cell membeaand ends at the middle of the
cytoplasm and contains many mitochondria. The &poae has an abundance of
distinct long microvilli derived from the apical Itenembrane and free on their
terminated ends. When the crab is in a secretangition, the cells of the labyrinth are
columnar, the apical cytoplasm is very vacuolatbd, apical margins sometimes may
have tenuous (vague) appearance and the nuclenastly close to the cell basal
membrane (Johnson, 1980). The lumen of the lalbyrstiowed different widths,

sometimes being narrow and sometimes large and @menson, 1980) but when the

gland is in a non-secretory phase, the lumen appearow.

Vogt (2002) described the AG of the crayfi8h astacugFigure 26) as consisting of
four distinct regions, the coelomosac, labyrintbphridial tubule and the bladder along
with nephropore. The coelomosac is suggested tthéesite of the primary urine
formation after ultrafiltration of the haemolymphhe coelomosac possess of a central
chamber and various radiated and short tubuleshadme tightly interdigitated together
with haemal sinus (vesicles). The very basic coekan epithelium is composed a
single layer of podocyte cells. The podocyte cells sending down dendritic foot

processes, the pedicels which intermingled withiektbasal lamina. This basal lamina
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separates the urinary space from the haemal spheespaces between of these pedicels
are linked by the slit diaphragm. Usually, the eudf podocytes cells are apical with
irregular shape and each cell is separated lageball different size of intercellular
spaces which are extending from the haemal spaoegh the urinary spaces to the
coelomosac lumen. These spaces however, are edsendi acting as a main route of
the ultra-filtrate fluids to transfer from the bhda the apical side toward the

coelomosac lumen.

The labyrinth is tubular and is lined by epithelimlsues comprising either cuboidal
and/or columnar cells which have a brush bordemafrovilli along the apical cell
membrane. The lumen of labyrinth is divided intonanous of small chambers forming
as extensive surface of blebs. It has been sugbésée one of the functions of the
labyrinth is reabsorption of substances to be methin the haemolymph (Vogt, 2002).
The nephridial tubule occupies the largest portidnthe AG and has two distinct
regions: a proximal bladder which is located nexttlie labyrinth and has more
flattened cells and a distal region near the bladdeich has cuboidal cells. The
epithelial cell layers of the nephridial tubule kRaa microvillar or brush border. The
bladder consists of epithelial cells that are dliatl non-secretory and lacks muscle cells.

Its main function is to hold urine and then disgfeait out through the nephropore.

Wheatly et al. (2004) found that the AG of the crayfisR, clarkia consists of a
coelomosac leading to a labyrinth, nephridial camal the bladder. Each of these parts
has a certain function, the coelomosac for urimedfikration, the nephridial canal is for

reabsorption and the bladder is for urine storage. distal nephridial tubule is a region
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not present in marine crustacean species whichupesdisoionic urine. Also, calcium

re-absorption occurs in the nephridial tubule/lattyr (Wheatlyet al, 2004).

In other crayfish species, using scanning electrooroscopy, Khodabandeét al.
2005a) briefly described the main parts of the AGthe crayfish,A. leptodactylus
which showed that the AG comprised four main paftse coelomosac has a single
layer of epithelial cells forming a central tubulemamber with smaller tubules. The
podocyte cells in the coelomosac appear to havmdlise pedicels on the basal lamina
while at the apical side cells are set in an adjgpoeder and they are intercellularly
attached together. The apical cells form a honewgkctike small haemolymph cavity
which may increase surface contact between th@cweldac cells and the haemolymph.
These cells possess round or oval nuclei with séviebes, vacuoles, plenty of

intercellular dense bodies and vesicles.
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Figure 26: Diagrams of the antennal gland (AG). $hplified scheme of unravelled AG Ofconectes limosugB) Section through AG dProcambarus clarkishowing
segments of organ in natural position. (C) Coelanapithelium of podocytes @f. limosuscomposed of haemolymph filtrate. N: cell nuclg®. Block diagram of
podocytes with pedicels. From Vogt (2002) In: Hold(2002), A, C, D after Kimmel, 1964; B after Mali939)
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The coelomosac region leads to the labyrinth. Kbaddehet al. (2005a) reported that
the haemolymph in the crayfish. leptodactylussupplied by vessels to the labyrinth
cells is bathing (surrounding) these cells. Thésced the labyrinth can be categorised
into two distinct types; | and Il. Labyrinth | celhave apical microvilli and the cells are
cubical in morphology with a basal nucleus. In theslls, the large apical cytoplasmic
extrudes into the haemolymph contents toward theefu and often the extruded
cytoplasm has an influence in distributing the abienicrovilli. Many round
mitochondria and vesicles are present at the api@lof these cells, while in the basal
zone of the cells there is an irregular cell memerafoldings with new mitochondria.
The labyrinth 1l cells, however, are columnar andsgess dense bodies, basal
membrane infoldings, septate junctions and apicarawilli. The microvilli in the
brush border are interspersed with several bodataming dense uniform cytoplasm.
The mitochondria are round and evenly distributedugh the cell and the nucleius is

usually centrally located.

The nephridial tubule is the third region which @ammmediately after the labyrinth.
There are two sub-regions of tubule that can beerobd with both of them lacking
microvilli. The cells of the proximal tubule arelmids with a central nucleus and many
apical intercellular junctions. The apical cytoplapossesses few vesicles and few
organelles. Some of the apical membrane bulgesthdolumen and sometimes the
cytoplasmic extrusions are present. Deep irredudaal infoldings at the basal side are
closely associated with mitochondria. In the distabule, however, the cells are
columnar with a large nucleus and the cytoplasnsgeses abundant apical vesicles and

vacuoles, Golgi complexes and dense bodies. The akthe distal tubule are located
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close to and below the coelomosac and the cytoplasemrich with a network of
vacuoles. The luminal area in this part is less tinathe proximal part. In tubule cells,

the basal infoldings extend deeper than thosedretbyrinth cells.

The fourth region of the AG is the bladder in whttle cells are dome-like lined by a
single layer of epithelium and covered by connectigsue, with microvilli absent at
their apical surface. The cells are separatedtimtoregions by the nucleus. The cells
possess clear large vacuoles and vesicles andpita part bulges into the lumen. In
some cells, part of the apical region can be setaced into the bladder lumen. The
basal region of the cell, however, appears to sal@nd have deep basal infoldings
with abundant of mitochondria and light vacuolesttBmitochondria and infoldings are

much more abundant in the bladder cells than amgratgion of the AG.

Dove (2005) has described the AG of the lobdteramericanusas consisting of four

major regions, coelomosac, tubular labyrinth, b&ddand excretory pore. The
coelomosac is considered as a primary filtratiomezowhich is analogous to the
glomerular kidney cortex in mammals. The labyrimshconsidered as a secondary

modification zone which is analogous to the medulladney.

5.1.2Function

The antennal glands of crustaceans are believdiave a considerable role in the
osmoregulation process whether in marine or fregdmspecies. Crustaceans such as

crayfish who spend most of their life in freshwatam manage the water and ion
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concentrations inside their bodies by adaptingethplysiological mechanisms and
Khodabandelet al. (2005a) summarized those mechanisms as: (1) pémeability
of ions and prevent water invasion; (2) an actiptake of ions from food and by the
epithelial branchial chambers ion transportinguess(Riegel, 1963, 1966; Mantel and
Farmer, 1983; Wheatly and Gannon, 1995); (3) thelyetion of hypotonic urine via

excretory AG.

The structure of cells in the AG regions suggelsesr tfunction (Mantel and Farmer,
1983). The process of excretion through the AG Ive® both ultrafiltration (passive)
and secretion (active). Ultrafiltration in the daean AG has been studied and
reviewed by several authors. To a greater or lesgent, the literature shows evidence
that the AG functions as an osmotic and ionic ragulin both freshwater and marine
crustaceans. Osmoregulation is one of the maintifurs of the AG in crustaceans in
which regulate the water and ion contents betwdsn internal body and the
surrounding water medium. Also, the AGs may worladsol to excrete the metabolic
waste products outside the animal’'s body. Howeeach region of the AG has a

particular task which they work in an integrateshian.

It has been reported earlier that podocyte tissuesustaceans play a principal role in
ultrafiltration and secretion of the primary uri@édd may also act in reabsorbing
proteins (Peterson and Loizzi, 1974). These authuggested that the main function of
the coelomosac is as a filtration mechanism withbserption of materials such as
protein occurring subsequently from the filtrated asecretion of other substances into

the lumen. They reported that there are two disisitable sub-regions, the labyrinth |
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that has cells suggested to move fluid isotonicatyoss the epithelium and the
labyrinth I, which is probably involved in isotantransport and appears to be more
active in the endocytic uptake and intracellulagegtion of large molecules such as

proteins.

The tubule connecting the labyrinth and the bladderayfish has been reported to be a
possible site for salt absorption and productiordiddite urine (Riegel, 1963, 1965).
This was also reported later in the cr&h, borealis (Holliday and Miller, 1984).
Kirschner and Wagner (1965) mentioned that thearnetac in crayfistiPacifastacus
sp. andO. virilis is the site of formation of a primary ultra-filtea Furthermore, they
suggested that 90-95% of water in the blood (hagmuat) entering the coelomosac is
filtered and passes into the more distal regionthefcoelomosac. Mantel and Farmer
(1983) also reported that the AG in marine decaf®dsvolved not only in the control
of haemolymph volume but is also involved in hyegulation of magnesium and
sulphate in the haemolymph, excretion of organiestances and the reabsorption of
fluid, sugars and amino acids from the primary eriitrate. Khodabandelet al.
(2005b) stated that the ultrafiltration processthe AG of crayfishA. leptodactylus
occurs across the wall of the coelomosac and tieffiltrate moves through several
parts of the efferent duct where it is modifiedotgh secretion and absorption

processes to produce dilute urine.

Lin et al. (2000) conducted an experiment testing the ion laody fluid volume
regulation of cannulate®. monodorreared in different salinities (5, 25 and 45%o) of

seawater. They demonstrated that the urinary ptaducate ofP. monodordecreased
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as the water salinity increased and they suggdbktedthe AG not only regulates the
fluid volume but also the concentration of sodiund gotassium in their body. They
concluded that sodium and potassium concentratimmsegulated by the antennal gland
after an unexpected change in seawater salinitglde\Also, Xiaoyunet al. (2003)
described the AG function &. chinensisThey suggested that the podocyte cells in the
coelomosac play a role in absorbing the large nuddscfrom the primary urine, and in
intra-cellular digestion and detoxification. Thebtiles in the labyrinth are able to
reabsorb water, ions and large molecules, reggldlia osmotic pressure and actively
eliminating waste products. The epithelial cellstioé nephridial tubules can further
absorb water and ions from the lumen of the nemiridbules. Also, it may play an

important role in the formation of the highly osmeatrine.

5.2 Urine dynamics in the AG

In crustaceans, before urine becomes a waste gratwgoes through a complicated
process where a variety of modifications occurdaghe AG. The literature approaches
urine dynamics from several different points ofwidn crayfishA. pallipesandO.
virilis, Riegel (1963) found that the osmotic pressurthefurine in all parts of the AG
except the coelomosac is significantly hypo-osmotimpared to the haemolymph and
that the osmotic pressure of the urine declinedtrsloarply between the distal portion
of the distal tubule and the bladder. However,utiee in the coelomosac can be either
hypo or hyper-osmotic to the blood (Riegel, 1963. reported that there is no direct
evidence of arterial pressures in the AG whichighrenough to effect filtration under

hydrostatic pressure. Riegel (1963, 1965) conclutatithe arterial pressure in the AG
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of crayfish must therefore come from sources othan the haemocoel pressure but he

did not specify what source is.

5.2.1Production of urine

Synthesis of urine goes through a complex of pseEestarting with ultrafiltration
through secretion and ending with reabsorption prabably also passive diffusion
where each of these processes occurs in diffeegnons of the AG. In the cralg.
borealis Holliday and Miller (1984) demonstrated that tiemolymph is carried by
the antennal artery through the coelomosac in thstacean antennal gland where it is
ultra-filtered under arterial pressure across th# of coelomosac into its lumen. Then,
the filtered fluid leaves the coelomosac and pass#se labyrinth via an opening in its
anterior wall. The labyrinth contains an epitheliwhere urine is separated from the

haemolymph across the tissue.

Vogt (2002) showed a brief demonstration of uringdpiction in crustaceans, especially
in the freshwater crayfisA. astacusn which urine production is only slightly differe
from that of marine crustaceans. The ultrafiltratis carried out in the coelomosac
region, the secretion mainly occurring in the eglith of the coelomosac and labyrinth
and the reabsorption performed by the labyrinth aephridial tubule. Although the
bladder occupies the largest region in the AG dagispa role of urine storage, it may
have a further role in dilution of urine. He remattthat between 60 and 70% of the
primary urine is reabsorbed on its way from theytatih to the bladder and ends nearly
iso-osmotic to the haemolymph. Wheatly and Gand®9%) reported that 90 - 95% of

the electrolytes are reabsorbed in the AG. Thealdrsgphridial tubule is the primarily
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site of ion reabsorption (Vogt, 2002). No or veitild of glucose is found in the urine
and small amounts of amino acids may be found enutiine but their concentration is
always much lower than in the haemolymph (Vogt,200This therefore indicates that
the vast majority of sugar is reabsorbed in the(8@newhere between the coelomosac
and the bladder) but the specific site of this peschas not been identified. Due to the
presence of glycogen in the labyrinth epitheliunggV (2002) pointed out that this

particular part of the AG is probably involved mgsr reabsorption.

Reabsorption in the AG, particularly of electrob/tend potential metabolites such as
protein and glucose may be involved in urine proidac Binns and Peterson (1969)
found that urine nitrogen contributes 11.6% of ltaitrogen loss from the AG of spiny
lobster,J. edwardsi with ammonia, urea and amino compounds represgei.2% of
total urine nitrogen. Because most of the nitrogexereted is non-urinary, they
concluded that the AG of the spiny lobst&redwardsiis not important as far as total

nitrogen loss is concerned.

The moult status of crustaceans may have an irfluem the precipitation level of
some ions in the AG. In a histochemical study, Reged Wheatly (1997) investigated
calcium precipitation in the AG during the moultiogcle of the crayfistP. clarkii.
They found that Ca2+ precipitation in coelomosasues does not vary significantly,
while in the labyrinth and nephridial canal tissuies/as significantly more abundant
during post-moult than during the inter-moult. Treggested that Eaaccumulates in

re-absorptive tissues during post-moult. Also, tiieynd that distal nephridial canal
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tissues are rich in mitochondria suggesting thasehmitochondria may serve to

maintain intracellular and extracellular Caomeostasis.

5.2.2Source of sex pheromone

Generally speaking, animal taxa release differgoég of chemicals from their bodies
which are considered as pheromones. These phersnaoaeisually used for inter and
intra-species communication. The organ(s) produsimgh pheromones vary between
groups. In crustaceans, however, the vast majarfityesearch has focused on the
importance of urine in communication for agonigtied reproductive activities whereas
little attention was given to where the productairsuch pheromones could be taking
place. Thus, for a comprehensive understanding hef tole of chemicals in

communication, especially during reproductive atiés, studying the source of sex

pheromones is required.

For crustaceans, pheromones are likely releasddthet urine (Breithaupt and Atema,
1993; Zulandt-Schneider and Moore, 2000), whictoisoborated by the fact that urine
is released almost exclusively during social intBoms (Zulandt-Schneidet al, 2001;
Breithaupt and Eger, 2002; Bergmeanal, 2005). Chemical communication between
individual aquatic crustaceans can be caused blyereitnetabolic components
transported with urine or / and some other chentuoak released with urine. There is
evidence in several species of crustacean thaespitone is carried with urine but the
source of this pheromone is unknown and is stilbigmous. Thus, this implies that

these chemical cues consist of either general maktgtroducts, a unique substance or
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mixture, that is produced in the AG and/or in otseurce (gland) which are then

released into the urine (Dunham, 1978).

There are some studies focused on the morphologly the structure of organs
producing and release the pheromone (pheromonelgjlaend the mechanism for
producing pheromone in several animal taxa. Howetlds kind of approach is
extremely limited in crustacean species. There lh@en a few attempts to investigate a
sex pheromone gland for crustaceans; however |slefaihe structure and histology of
such glands provoke some arguments. Authors hasesskd different approaches to

the sex pheromone sources glands.

A number of potential studies on organ(s) thanilved in pheromone production in
crustaceans have been suggested. For instance gbtsdteal. (1977) concluded that the
pheromone may originate in the ovary when they eémadchemical and behavioural
aspects of the sex attractant of the lobdteramericanusJones and Hartnoll (1997)
have shown pheromone production in spider cralte tassociated with ripe ovaries. In
contrast, Nagabhushanashal. (1989) suggested that the male of the freshwatevip
M. kistnensisis the producer of the sex pheromone and the ertjzet produce this

might be either the vas deferens or the testes.

In addition, other authors have proposed otherdgiaas a pheromone source in some
crustacean species such as tegumental, sternabsetie glands. For example, Bauer

(1979) suggested that the tegumental gland is pipbavolved in tanning newly
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formed cuticle along with producing some specifigbsance related to mating

behaviour of the caridean shrintp, paludicolafemale.

Early work on the histological and anatomical pmtips of the “sternal gland” for the
freshwater prawnP. paucidenssuggested their being pheromone glands (Kamiguchi
1972). He suggested that the sternal gland is lglostated to the reproductive cycle.
Also, he proposed that the sternal gland possessedtes cells which surround a
central lumen. He found that the sternal glandB.gbaucidensre located in the inner
side of the 3rd, 4th and 5th pereiopods and benatlthoracic sternum between the
pair of 5th pereiopods. Throughout his study, heeoked that the sternal gland consists

of roughly 600 — 800 glandular structures (or riegdbrming seven separate groups.

The existence of the rosette gland may vary acogrth gender or age. Kamiguchi
(1972) found that the rosette glands are only fouomthe mature female’s body and
they are totally absent in the male and in immafareales (smaller than 7 mm CL)
while the first rosette gland detected appeareabiout 7.8 mm CL females. However,
the fully developed rosette gland was observecekually-mature females larger than
10 mm CL. These glands could be visually recognisbdn the female is in the last
hours before moulting. In this case, the glandsshamilky white colouration which

can be identified through the cuticle, while itifficult to be distinguished at the end or

after the breeding season.
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Each of the glandular structures (or rosette) msese 10-14 cells and each has a
spherical nucleus. These rosette cells are arramgadow of circular shape with one
common centre and an outlet duct that extends tlwncentral lumen to the outside
through the cuticle. Products of these glands eeased via ducts that open directly
into the external environment through the cutioemiediately following mating moult.
According to the tinctorial properties of their ssory substances and to the
histological staining colouration, Kamiguchi (197@tegorised the rosette gland into
two types;a- and p-rosette cells, where-rosettes represent the vast majority of the

rosette glands (95%).

The number and the size of the sternal glands gapending on the prawns’ growth
and age. Kamiguchi (1972) concluded that growttihef sternal glands is correlated
with the gonadal maturation of the prawns. In addijt from their appearance
histologically, he noticed that the sternal glars#xretion in the female prawns is
affected by the moult cycle. For instance, the maxn size of the rosette gland was
observed five minutes after moult. Also, from tlwdociration of the rosette outlet duct
stains, he suggested that the secretory produtikes/ to be actively discharged
immediately following the mating moult. However lthan hour after mating moult, the
secretory material was found only at the central pathe rosette gland. Two to eight
hours post-mating moult, the rosette glands areostirempty of secretory material.
Furthermore, he suggested that the rosette glarelsalale to regenerate secretion
material after 3 days of mating moult. So, Kamigud®72) concluded that the timing
of rosette gland secretions with the female’s ngatmoult is an indication of using such

chemical materials in reproductive purposes t@ettmales.
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Bushmann and Atema (1993; 1996b) examined the lbgtal structure of the
nephropore area of the lobstét, americanus Results of both studies are reviewed
here. Their results proposed that the nephropaettes vary in size among individuals
and contained large masses of rosette glands.ditiad there are some granule cells
scattered and attached to the sphincter musclénrBarsn and Atema (1996b) reported
that rosette glands could be found in three macatlons of in the lobster is the
nephropore, the eyestalks and the pleopods. Thetteoglands in the first location the
“nephropore” is more complicated and more organiieah the other two. The
nephropore rosette glands are found inside clusis, in which they are formed into
two gland complexes lateral and medial to the wurdiach of these complexes is
attached with one duct where they then join togetbening one main duct running
along the posterior side of the animal and ternmigain the bladder. Also, they noticed
rosette chemical materials running in a duct stgritom the central lumen and going to
either the cuticle of the carapace or the lumemhefureter. They suggested that the
activity of these glands follows the moult cyclewhich, at inter-moult, the glands are
less developed and look smaller. Results of battlis$ revealed that individual rosette
glands contained either rounded cells with multretory granules, or thinner cells with
fewer granules. Also, they found that some rosettese arranged into clusters of
different sizes, wrapped in connective tissue. liarmhore, depending on the rosettes
location, they reported that these clusters weianged into two positions, those lateral
to the ureter and those medial to the ureter, Wath of them having a similar mean
size. Each of these rosette cluster complexeseaved by one duct and both of these
ducts ran posterior and joined to form one commact terminating in the bladder of
the AG. The first are small glands each of whickgass a rosette structure which is a

cluster of 8 — 12 cells surrounding a central lumath basal nuclei. Second, a drainage
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rosette duct which runs from the central lumenitbee the cuticle of the carapace or
the lumen of the ureter. Some anterior clusteraigver, may release their products via
individual ducts directly to the exterior of the dyo Using this kind of releasing
arrangement, Bushmann and Atema (1996b) suggdsaédobsters are able to release
rosette secretion products, alone without urinevitin the concomitant release of urine.
Moreover, they suggested that the rosette glandplexes appear to contain actively
secreting cells throughout the year and seems txtdee in inter-moult, pre-moult and
freshly moulted lobsters. These observations sugdet® them that such glands are
following the moult cycle and the vesicles contdirsecretory product. Although the
actual function of the rosette gland in crustaceam®t determined yet and since these
glands may control the release of chemical cueslwed in reproduction, Bushmann
and Atema (1996b) concluded that such chemical ymtsdare likely to be good

candidates to be sex pheromones.

From a 45 minute period of behavioural observatBmshmann (1999) demonstrated
that the blue crabC. sapidus displayed great variability and flexibility in adship
behaviour which is mainly regulated by both urined anon-urine chemical signals
emanating from both males and females. He suggésa¢@dhemical signals which may
be released from sites other than urine appeaarty sufficient information to elicit a
full range of courtship behaviour. Thus, he conetilithat courtship between males and
females IinC. sapidusis regulated by multiple sources of chemical diginAlso, he
concluded that the release site of non-urine chansignals is unknown and therefore

that it was unknown whether these chemicals aréasito the urine compounds or not.

183



5.3 Objectives

Since urine plays a significant role in reproduetactivities within crustacean species,
more detailed focus on urine as a carrier of a dexngf chemicals has been conducted.
Investigation of the organ producing urine i.e. Hrgennal gland in crustaceans has,
however, received far less attention. This limaatto studies of the crustacean’s urine
excretion system makes it more difficult to obtainomprehensive overview of the AG.
More detailed research on the morphology and timetion of AG could provide a
better understanding of this system and therefdretter understanding of its relation to
reproductive behaviour. The main objective of tthepter therefore is to focus on the
functional morphology of the AG iM. rosenbergii There are, however, some sub-

objectives that are addressed in the followingystud

1) To provide a descriptive function according lar@orphology described.

2) To ascribe likely function according to the moojpgy described.

3) To place the functional morphology described tloe AG of M. rosenbergiiin

context with AGs described for other species ofstacea.
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5.4 Materials and methods
5.4.1Histology

5.4.2Tissue samples, preservation and processing

Histological work of the AG tissue samples weredwmied as described in the section

2.3 page 69.

5.4.3Microscopy

Each of the above prepared slides was viewed uadéht microscope (Olympus
BX51). This particular microscope is provided watltamera (AxioCam MRc, Zeiss) to
take the images what is on the microscopic stagepdP images of slides were
photographed and the images were saved at the ¢emntpube printed later on. Also,
the TEM was used to investigate the micro detdilhe AG specimens which are not
observable in the light microscope. Sample pregaaimd the process of the TEM was

illustrated in the sectiold.4.1 on page 74.

5.4.4Scale bar

Using a slide of graticule stage which has a so&lk mm, different magnification (4,
10, 20 and 40x) images of the scale measures \akesn.t With the aid of computer
software ImageJ V. 1.41, the measurement of thgentength was converted from mm

into um units and the scale bar measurements Wwenedttached on the AG image.
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5.5Results

5.5.1The AG morphology

Cross-section of the cephalothorax region of Mherosenbergii as presented in the
Figure 27 showed that the AG can be found in th&rae side of the prawn’s body
anterior to the cephalothorax and beside or pasténi the hepatopancreas. However,
after removing the AG surgically from ventral ldoais of both sides of thé.
rosenbergiiprawn’s head underneath the antennal base, thphwlogical shape of
AGs showed a massive rounded structure which caeasdy seen by naked eyes.
However, when these AGs were processed and pregarethe light microscopy,
images obtained are showing further morphologieshits. Under the light microscope
each AG showed as rounded body structure as iRithee 27. Obviously, the AG can
be recognised by its location which is in the vahside of the prawn’s body beside or
posterior to the hepatopancreas. Each AG compdsggent regions in which each has
columns cells forming tubule-like structure. The Adisplays four well-separated
distinct regions: the coelomosac, the labyrintle tiephridial tubule and the bladder.
However, in the Figures 27 and 28 showed the miaiget distinct regions of the

bladder, the labyrinth and the coelomosac.

5.5.2The coelomosac

Observations under the light microscope revealatlttie area of the coelomosac region
is relatively smaller compared to the labyrinth aindan be recognised by its location
which comes closely attached and posterior to ébgrinth. The coelomosac region,
however, has a distinct lumen (duct) or urinarycgpat the middle part of the region.

This duct leads to the labyrinth region. There igadl located between the coelomosac
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and the labyrinth regions (see Figure 28A) indigatihat both regions are separated as

shown in the Figure 27B.

The cells of coelomosac region are highly vacudlaed located basely close to the
cell membrane where nuclei are relatively smalhgiied or sometimes have irregular
shape. Large vacuoles are abundant apically holnigus sizes of granular deposits

which cause difficulties to recognise the lumenhafse kinds of tubules.

5.5.3The labyrinth

As shown in Figures 27 and 28, the light microscapicrographs revealed that the
AGs of M. rosenbergiiare located anterior to the cephalothorax anddeesi posterior
to the hepatopancreas. The area of the labyringflomeis more voluminous and
occupying greater bulk of the AG in thé rosenbergii Also, Figure 27 and Figure 28
showed that the labyrinth located anterior to tbel@mosac. This region is full of
tubule structures forming a complicated coil-shafg.shown, this region is lack of
central lumen or duct. Each tubule has one layapdhelium cells and the nucleus of
these cells can be seen as dark spots. Accordirtbetstaining (Haematoxylin and
Eosin), the tubule density of arrangement and tephological characters, labyrinth
region can be distinguished into two sub-regiomdytinth-1 and labyrinth-Il. The
staining colouration in the labyrinth-1 is slightharker than the labyrinth-1l. The spaces
between tubules (haemolymph spaces) are also gavyirere the labyrinth-1 tubules
have narrow spaces compared to the labyrinth-Iciviaire relatively wider. The lumen
areas (inside the tubule) are also differing in alihthe labyrinth-I have constricted

lumen while the lumen in the labyrinth-II tubuleavie wider lumen. The internal layer

187



of the labyrinth tubule is rich with brush bordericrovilli. Figure 29 (below)

demonstrates these differences.
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Cuiticle

Figure 27: Light micrographs of Haematoxylin andsiBqH & E) stained section of the internal cross-
sectional view of cephalothorax region of two diéfiet AGs (A: left and B: right) of thil. rosenbergii

Ce= coelomosac, La-I= labyrinth-I, La-1l= labyrinth Bl= bladder, Bl-m= bladder membrane. Scale bar
=200 pm.
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Figure 28: Light micrograph of H & E stained sentghowing overview structure of two different AGs
(A and B) of theM. rosenbergii Bl= bladder, BI-m= bladder membrane, Ce= coelanp€e-l=
coelomosac lumen, La-I= labyrinth-I, La-ll= labytirll, Nt= nephridial tubules. Scale bar = 200 pm.
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5.5.4The bladder

The bladder is the fourth region in the AG. It iaye sac (reservoir) where the lumen
is occupying most area of this region. Throughastofogical cutting position of the
AG section it appears that the bladder is wrappipgthe whole AG organ which
suggests that it is a large vacuole sac as shovkigures 27, 28 and 30. However,
naturally it is located beside the other regionthefAG. As shown in the Figure 30, the
bladder wall has two lines of cell layers, the bleadmembrane (basal) and the bladder
epithelium (apical) cells. In each of these lines]s are containing one nucleus. Cells
in the apical layer are rounded in their shape thed size is bigger than those in the
basal layer which are flattened and cubical. Aldeere are plenty of cytoplasmic
extrusion vacuoles in the apical cells. Cells ie #pical layer have some short and
widely distributed microvilli. These two layers af@ming a wall which makes it a
unique feature compared to the other regions of Ae and then provoke more
flexibility to hold and store urine. The bladdedndrates urine via the two nephroporse
which are located on the last part of the bladdethle aim of nearby muscles or arises

of lumen pressure of the AG.
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Figure 29: Light micrograph of H & E stained sentghowing overview structure of two different sub-
regions of the labyrinth in the AG of tih. rosenbergii La-I= labyrinth-I, La-lI= labyrinth-Il, Hs=
haemolymph spaces, La-lu= labyrinth lumen, Mv= Wi border, Nu= nucleus (arrow heads). Scale
bar =200 um.
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Figure 30: Light micrograph of H & E stained sentghowing overview of bladder in the AG of tile
rosenbergii Bl-I= bladder lumen, Bl-a= bladder apical, Bl-bladder basal, Bl-ce= bladder cytoplasmic
extrusion, La-ll= labyrinth-II, La-m= labyrinth méymane. Scale bar = 250 um.
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5.5.5The nephridial tubules

Light microscopy revealed that the nephridial t@sutome in thin layers tubule format.
The histological cutting in this study showed twiffedtent positions appearance of
nephridial tubules in the AG, where some timessishows beside the labyrinth (as
showed inside the circled area Figure 31) and somes shows beside the coelomosac
(see Figure 33). The nephridial tubules usuallyeappn a coil net of tubes where the
epithelium tissue of these tubules usually hasia kayer of cells which contains
nucleus and a dense of basal invagination cell maneb Also tubules are lacking of
microvillus brush border. The structure of the thayer of nephridial tubules is

probably used for pumping ions actively againsbacentration.
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Figure 31: Light micrograph of H & E stained sent&howing overview location of nephridial tubule in
the AG of theM. rosenbergii La= labyrinth, Ne= nephridial tubule. Scale ba2G8 pum.
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Figure 32: Light micrograph of H & E stained sentghowing overview location of nephridial tubule in
the AG of theM. rosenbergii Haemolymph vesicles (arrow heads), La= labyribtep= labyrinth
epithelium, La-I= labyrinth lumen, La-t= labyrintbbule, N= nucleus, Ne= nephridial region, Ne-I=
nephridial lumen, Ne-t= nephridial tubule. Scale 200 pm.

196



Figure 33: Light micrograph of H & E stained sent&howing overview location of nephridial tubule in
the AG of theM. rosenbergii Ce= coelomosac region, Ce-t= coelomosac tubwdd,coelomosac
lumen, N= nucleus, Haemolymph vesicles (arrow hgadtis= nephridial tubule region, Ne-I= nephridial
tubule lumen, Scale bar = 250 pm.
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5.6 The ultrastructural of the AG

5.6.1The coelomosac

As shown in Figure 34, the outer layer of the comlsac membrane (basement
membrane) contains a connective tissue with haenmilyspaces, while the inner layer
of this region is lined in a large epithelial cglieesent in a complicated arrangement.
The epithelium cells are joined together and cotateto the basal membrane. The
tubules in the coelomosac region is a thin epitimlilayer contained a numerous
number of irregular epithelium cells of podocyténeTpodocyte cells have elongated
and highly irregular shaped nucleus and abundandatfiolated cytoplasm containing a
dense of deposits. As shown in the Figure 33 eadogyte cell is attached to the basal
membrane and project towards the lumen. The irtaelae spaces usually are

continuously open from the basal lamina till thenioal side. However, the most

obvious features of the podocytes are the preseht&rge lateral channels vesicles,

basal pedicels and vacuoles and intercellular deodes.
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Figure 34: Light micrograph of H & E stained sent&howing overview part structure of the coelomosac
region in the AG of thdl. rosenbergii Bm= basal membrane, Ce-l = coelomosac lumen, Hs =
haemolymph space, Ce-t = coelomosac tubule, Cedletomosac tubule lumen, PoC = podocyte cells,
Nucleus (arrow heads), V = vacuole in podocytesc8tale bar = 250 um.
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5.6.2The labyrinth

As demonstrated above in Figures 29 and 35, theaappce of labyrinth tubules are
highly coiled tubes. Labyrinth tubules formed olger of cuboidal cells which are
connective to each other and relatively thickenttie coelomosac tubules. Each cell of
these tubules has dense cytoplasm, rounded omoeédi located in the apical side of
the tubules adjacent to the lumen or sometimesaleantd often found in the basal side
of the tubule. Also, these nucleuses have a wstindit nucleolus (dark burgundy with
H&E). The apical margins of the epithelial cells tbie labyrinth have well defined

microvilli brush border.

Micrographs obtained by the TEM (see Figure 36wstbthat cells of the labyrinth
tubules are relatively large extending from theihahside to the basal side. Generally,
the TEM micrograph showed that the nuclei have gquleg shape and are apically
located (see Figures 35 and 37). The lumen surfadeh with long microvilli brush
border and small pinocytotic vesiateuld be found easily between the brush border
microvilli as demonstrated in Figure 38. The mitoctria are the most prominent and
abundant bodies in the labyrinth cells. They acated predominately in the central and
basal sides of the cells and usually, they areeeitival or elongated shaped and

surrounded by the basal infoldings as shown irFibare 38.

The cytoplasmic infoldings occupied large areahw tell and can extend for about
three quarters of the distance to the luminal skigures 35 and 38 can demonstrate
these details. The cytoplasmic membrane (at the bashe cell) creating slight slits

adjacent to the basal lamina. Figure 41 gives rdetails about this kind of membrane.
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Figure 35: Light micrograph of H & E stained sent&howing overview structure of the labyrinth ie th
AG of theM. rosenbergii Hs= haemolymph spaces, haemolymph vesicle (anemas), Lal= labyrinth
lumen, Mv= microvilli border, Nu= nucleus. Scale 5a250 pum.
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Figure 36: A TEM section showing the labyrinth+iustture in the AG of th&l. rosenbergii Hs=
haemolymph spaces, haemolymph vesicle (arrow helaaldl= labyrinth tubule lumen, Mv= microvilli
border, Nu= nucleus. Scale bar = 20 pm.
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Figure 37: A TEM section showing the labyrinth-iugture in the AG of thdl. rosenbergii Hs=
haemolymph spaces, haemolymph vesicle (arrow helaaldl= labyrinth tubule lumen, Mv= microvilli
border, Nu= nucleus. Scale bar = 30 um
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Figure 38: A TEM section showing central regioradébyrinth tubule in the AG of thd. rosenbergii
Lu= lumen, Mv= microvilli border, M= mitochondri&u= nucleus, V = vacuole. Scale bar = 2 um.
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Figure 39: A TEM section showing central regioradébyrinth tubule in the AG of thd. rosenbergii
Lu = lumen, Mv= microvilli border, V = vacuole. Seébar = 1 um.
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Figure 40: A TEM section showing the microvilli lger in the labyrinth tubule. Mv= microvilli, Lu=
lumen. Scale bar = 500 nm.
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Figure 41: A TEM section showing some labyrinthulgbcontents in the AG of thd. rosenbergii Hv=

Haemolymph vesicles, Lu= Lumen, Nu= Nucleus, Mv=idvilli, La-Bl= labyrinth basal lamina, Mi=
Mitochondria, Cytoplasmic membrane junctions (arfmad), Gb=.Golgi bodies, Scale bar= 5um.
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5.7 Discussion

The AG in Crustacea, includinigl. rosenbergii is an essential excretory organ with
urine being the ultimate product. The main functodrthe AG is to eliminate metabolic
wastes, regulate haemolymph and control osmotiala&gn (Vogt, 2002). Generally,
the AG is located at the base of the antennae ngemito the coxa as in all decapods.
This location is similar to that reported for thebs$terH. gammarusas observed by
Khodabandehet al. (2005c) and crayfish (Vogt, 2002). Results obtdirieom the
current study confirmed that urine released frdm rosenbergii carries a sex
pheromone involved in reproductive behaviour. Hoerevthe definitive site of
pheromone production remains unclear. The questierefore raises as to whether the
AG is the site where sex pheromone is produced beter another organ is
responsible for producing pheromone? Thus, morghcdd and functional

investigation of the AG in thkl. rosenbergiis conducting.

Results from histological analysis in the presdntyg suggested that the AG bf.
rosenbergii has four distinct regions, the coelomosac, thehnél tubules, the
labyrinth and the bladder. This structure refleébest seen in several crustacean species
such as the blue craB, sapidugJohnson, 1980), the crayfish, astacugVogt, 2002),

P. clarkii (Wheatly et al, 2004), A. leptodactylugKhodabandelet al. (2005a), the
lobster,H. americanugDove, 2005) and the shrimP, monodor(Shuang-lin and Nai-
cheng, 2007). The findings of this study slightlisadjree with previous works of
concerning some other Crustacea such as Palaerpoamichs (Panikkar, 1941), the
freshwater crayfishP. blandingi (Peterson and Loizzi, 1973, 1974, leniusculus

(Fuller et al, 1989), the lobstell. americanugBehnkeet al, (1990) and the shrimp,
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P. japonicus(Nakamura and Nishigaki, 1991) aRd chinensigXiaoyunet al, 2003)
who reported that the AG has only three regions,cttelomosac, the labyrinth and the
bladder. There is more than one possible reasotinése different descriptions. Among
these, is the possibility of there being a nephtfitlibule region present in freshwater
crustacean species and absent in marine spec&s. iAmay be that at the time of the
experiment, the observed animals might not have lea fully developed state such
that immature and small sized Crustacea might ao¢ lbeen possessed fully developed
AGs. Another possible reason is that reports of Ae comprising three regions are
erroneous, especially since some of these worke wenducted early on in the past
century and relied upon scientific techniques tiate less developed compared to

those of recent years.

5.8 The coelomosac

5.8.1Morphology

The coelomosac region of the AG M rosenbergiiwas found to be posterior to the
labyrinth region, this being slightly different frothe location of this region in the
lobster H. gammaruswhich is on the dorsal part of the labyrinth, asalided by
Khodabandetlet al. (2005c). Nevertheless, the coelomosac regioH.igammaruss
connected directly to the bladder wall (Khodabandelal, 2005c), as is that d¥l.

rosenbergii(as shown in Figure 34).

The morphological description of the coelomosamiwst described Crustacea is more
or less similar. InM. rosenbergiidescribed in the present study a main lumen passed

through the central area of the coelomosac leatirige labyrinth. The structure of the
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coelomosac in the lobstdf, gammarusvas described by Brown (1976) and comprised
a lumen, blood vessel and boundary epithelium. hngen is also similar to that &f.
gammarusdescribed by Khodabandeh al. (2005¢) who reported that this particular
lumen is the only connecting link between the cowlsac and the labyrinth for fluid
transfer. However, findings in the current studywed clearly that the connection
between the coelomosac and the labyrinth regiomisraaigh a duct. This differs from
the observations of Johnson (1980) who reportetl ttie opposing epithelia of the
coelomosac and the labyrinth regions were joineegularly across the haemolymph

space in the blue cra@, sapidus

Podocyte cells in the coelomosac regioMofrosenbergiiare similar to those described
for other species of Crustacea such as crayisteptodactylugKhodabandelet al,
2005a), and their cytoplasmic features were sinttathose described previously in

blue crabC. sapidugJohnson, 1980) and crayfigh leniusculugFulleret al, 1989).

5.8.2Function

The structure of the podocyte cells in the coelanaggion oM. rosenbergiisuggests

that fluid passes through the fibrous basal lamimaying between the podocyte cell
spaces (intercellular spaces) and ending up inluheen of the coelomosac. These
intercellular spaces are believed to play an ingmdrtole, acting as the main route for
the ultra-filtrated haemolymph, allowing transfesrh the basal membrane to the apical
side towards the coelomosac lumen. This is in agea¢ with the study conducted by

Xiaoyunet al. (2003) who proposed that these particular cefisracharge of absorbing
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the large molecules from the primary urine. However confirmation of these

observations iM. rosenbergiifurther precise investigation is required.

Ultrastructural descriptions (Figure 28 page 19@dein this study therefore provide
good evidence for the coelomosac region as thedodithe filtration process iM.
rosenbergii This was also reported in other crustacean spenmuding lobsterH.
americanus(Burger, 1957), crayfisiP. leniusculus(Kirschner and Wagner, 1965;
Riegel, 1963), the freshwater crayfidh, blandingi (Peterson and Loizzi, 1974,
clarkii (Wheatly et al, 2004) and crayfistA. leptodactylus (Khodabandefet al.,

2005a).

5.9 The labyrinth

5.9.1Morphology

The labyrinth region observed in this study congatithe largest proportion of the AG
in theM. rosenbergiias shown in the Figures 27 and 28. This was ajgorted in some
previous studies, such as for the lobstegammarugKhodabandelet al, 2005c). The
location of the labyrinth is ventral and it liestemor to the coelomosac region of the
AG of M. rosenbergii This reflects the position reported for the Iabstl. gammarus

(Khodabandelet al, 2005c).

The histological assay in this study revealed twoacsurally distinct sub-regions of the
labyrinth (labyrinth-1 and labyrinth-11) in the A®Gf the M. rosenbergii Labyrinth-I,

relatively, represents a larger part of the laldprthan labyrinth-11 and is located next to
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the coelomosac, while labyrinth-11 is located ie ttistal part of the opposite side of the
coelomosac. The lumen in labyrinth-Il is wider ttiaat in labyrinth-1 ofM. rosenbergii
AG. Early studies by Peterson and Loizzi (1973,4%howed that the labyrinth region
in the freshwater crayfistP. blandingialso has two distinct parts. In more recent
studies Khodabandeét al. (2005c) demonstrated that the lumen of labyrindi-the
lobster, H. gammarusis wider than that of labyrinth-ll, which differflom M.
rosenbergii There is more than one possible reason for tddéerences. First, the
histological procedure in either study could beligopdifferently in terms of sectional
orientation. Although the histological protocol pneparing the AG of both species is
similar, the structures of the AGs in both spe@es probably intrinsically different
with the labyrinth being more dorsal in lobsterrtha M. rosenbergii Finally, this

difference may reflect structural variations betwegarine and freshwater species.

The labyrinth (both labyrinth-I and I1) in the AG the M. rosenbergihad cuboidal and
columnar cells with dense microvilli at the apicidle of the cells. The intercellular
spaces are narrow. Such structure was describgdagam the freshwater crayfisk,
blandingi by Peterson and Loizzi (1973, 1974). However, lgeyrinth cell structure
and contents may vary according to phases of secreh the M. rosenbergi
Morphological features differing in the two sub-@ts of the labyrinth suggest that
there are likely to be some differences in theinction. These observations are
supported by previous studies of some other creataspecies such as the lobsker,
gammarugKhodabandelet al, 2005c) and crayfisA. leptodactylugKhodabandelet

al., 2005a,b).
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As noted in this study, the general features of ¢péhelial cells in the labyrinth
included an apical microvillar brush border, cyagrhic vesicles, apical cytoplasmic
extrusions, cytoplasmic vacuoles and basal memhrdoklings. These features were
also observed in other crustacean species sucheablie crabC. sapidusJohnson

(1980) and crayfisP. leniusculugFulleret al, 1989).

5.9.2Function

The majority of labyrinth tubules have a well deyetd microvillar border at the
luminal surface which in turn suggests that thggae has high absorptive capacity. The
intercellular spaces between the labyrinth celisntbin this study were narrow and
cells are close to each other. Early, similar figdi have been reported for the lobster,
H. gammarugBrown, 1976) and the fiddler crab, mordax(Schimidt-Nielseret al,

1986). This could suggest that these tubules aptag to absorptive function.

5.10The bladder

5.10.1Morphology

The bladder resembled a large sac surrounding ttier gomponents of the AG. At a
certain point within the AG, the bladder and theytinth are connected by a tubule.
The epithelial wall of the bladder WM. rosenbergiiis relatively thin, comprising a
single cell layer and the main lumen is substantakcupying the majority of the
bladder region. This may give flexibility for exmaan during urine storage and
contraction when the prawn needs to discharge ufine epithelial layer of the bladder
comprised a series of rounded cells some havingptagmic extrusions and large

vacuoles. Microvilli were not present in the epiihlelayer of the bladder. A similar
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description of this epithelial layer was also giyenother freshwater Crustacea such as
crayfish, A. astacus(Vogt, 2002) andA. leptodactylugKhodabandelet al, 2005a).
Such similarities suggest that AGs in freshwaterusGicea share the same
morphological structure in the bladder region. Hoere the epithelial tissue of the
bladder inM. rosenbergiiis not similar to the labyrinth tissue, in contresthe findings

of Johnson (1980) who reported that these partigdidaues in the AG of blue cra@,

sapiduswere similar in morphology whether in secretorynon-secretory conditions.

5.10.2Function

The thin wall of the bladder probably gives thigiom more flexibility in expanding
and contracting. It seems that storing urine betseharge through the nephropore is
the major function of the bladder. Support for thigygestion was also obtained from
studies by Binns (1969) and Vogt (2002). Moreotiee, bladder may be used for more
than storing urine, as reported by Binns (1969)p fhther suggested that bladder acts
in reabsorbing some ions from the urine, and Mtagt (2002) reported that the bladder
may have a role in dilution of urine. These hype#s however need further
investigations to be confirmed. The lack of mictibwn the bladder may indicate that

filtration or reabsorption tasks are not perfornrethis region.

5.11The nephridial tubule

5.11.1Morphology

In M. rosenbergii histology revealed the appearance of the neghridgion to be a
dense network of coiled tubules with a lining epltlim comprising a thin layer of

cells. These cells usually have a nucleus and procexrl dense basal invaginations of
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cell membrane. The nephridial tubule was locatetvim different positions, one beside
the labyrinth and the other beside the coelomoSapport for this finding was also
previously reported by Fullet al. (1989) who described the morphological structdre o
the nephridial tubule in the AG &f. leniusculusand by Vogt (2002) in the crayfigh
astacus However, histological analysis in the presentdgtdid not show that the
nephridial tubule region iM. rosenbergiioccupied the largest portion of the AG
compared to that described by Vogt (2002) in theyftsh A. astacus The nephridial
tubules in M. rosenbergii lacked microvilli. Microvilli are also lacking inother
Crustacea such as the crayfibh blandingi(Loizzi, 1973, 1974) and. astacugVogt,

2002).

5.11.2Function

The nephridial region comprises a dense networdoiéd tubule and the thin epithelial
layer of these tubules region may be employed fonging ions actively against a
concentration gradient. This function is supportgd the mitochondria previously
reported by Rogers and Wheatly (1997) who found dmstal nephridial canal tissues
are rich in mitochondria. The moult status of cagsans may have an influence on the
level of some ions in the AG such that the distait pf the nephridial tubule can
function as a principal site of ion reabsorptioheBtudy of Rogers and Wheatly (1997)
may support this theory, reporting that calciumcyp#ation in the nephridial canal
tissues of the crayfisR. clarkii was significantly more abundant during post-mthein
during the inter-moult. It can be suggested thatthphridial tubule i. rosenbergiis
the primary site of ion reabsorption. Since thehmiglial tubule region is absent in

marine decapod species (Fingerman, 1992), the mwesef this region inM.
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rosenbergiican be considered a special adaptation to lifieeishwater which enables

them to produce urine isotonic to the haemolymph.

In conclusion, the AG in th&l. rosenbergiiis a major organ which acts to filter
haemolymph carrying metabolic compounds and iongsdduce urine to be discharged.
Results of behavioural assays in the current siadigate that released urine fravh
rosenbergii carriers a distinct pheromone involved in reprdohec behaviour. The
guantity and the quality of urine is a significdacttor in such type of behaviour. The
ultimate objective of studying the AG d¥l. rosenbergiiwas to investigate the
morphological structure of the AG and to investigdhe region responsible for
producing the sex pheromone. The histological amsiy this study provided a general
description of main part of the AG, however, thislgsis failed to find any evidence of
tissue responsible for producing sex pheromonéodilgh, urine carriers chemical cues
involved in sexual response behaviours, this dagsmean that the AG is the organ
involved in sex pheromone production. In other vgord is most likely that sex
pheromone is released from an organ (gland) othem the AGs. Alternatively, the
results of the current study suggest that therddcoe a pair of glands one located on
each side of the head adjacent to the AG whoseuptotbuld be released via the
nephropores, however, no direct evidence for thas viound. Also, it could be
suggested that a separate duct comes from eables#d brgans which then merges with
the main urinary duct before it opens at the negptmes. Thus, pheromone released
from each of these glands could mix with urine wiwh meet in a common duct
before being discharged through the two nephroppenings. To support this theory,

further histological research is required to revbal structure and the function of these
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putative pheromone glands and to study the efféctex pheromone without the

presence of urine.
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Chapter 6 Conclusions



Macrobrachium rosenbergis a key species for commercial aquaculture aridghkly
amenable to laboratory research studies. By résticboth visual and tactile
communication cues, the bioassay system designquhrsof this study functioned
ideally for testing chemical communication betweaadividual M. rosenbergiiand
achieved reliable results under laboratory condgioFindings in the current study
confirmed that chemical communication play an intgat role withinM. rosenbergii
population and playing is a key component in manmg social hierarchy and
governing reproductive behaviour. The results ef¢hrrent study also clearly indicate
the relationship between moult stages and sextralcabn inM. rosenbergii Newly-
moulted female prawns were significantly more ative than both pre- and inter-moult
females to dominant BC males. In contrast, the-imteult BC males were significantly
the more attractive to newly-moult female prawnantlpre- and newly-moulted BC
males. Newly-moulted females paid less attentiomei@ly-moulted BC males, possibly
because they were trying to avoid potential costhate guarding with soft shell BC
males. Thus, it can be suggested that moult sthiyemales and females plays an
important role in sexual attraction with both malesmd females capable of
discriminating the moult status of the opponentamfrpheromone signature. It was
observed that ovarian maturation and moulting stagéemale were closely related.
Also, characteristics of sex pheromone releasenh ffemales clearly changed with
ovarian maturation. Thus, moult stage, especiallytifie female prawns, provides an
indirect indicator of sexual readiness for matiiis suggests that BC male sexual
attraction behaviour may be based upon a female&ian maturation rather than
female’s moulting. Since female with fully ripe oi\es are more attractive to the BC

male just prior to or during moulting, this suggeshe possibility of a further
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pheromone source other than that carried in unirtepresence of an additional urine-

pheromone which is directly related to the ovan@aturation status.

Male morphotype (SM, OC and BC) also plays a sigaift role in sexual attraction.
Significantly, BC males are the most preferred éwly-moulted females whilst OC
males are least attractive. This suggests that 8dhand BC males are sexual active
while OC are far less sexually active. Female psawan also distinguish male
morphotypes from their pheromone signature. Thelsased pheromone is an essential
chemical cue involved in sexual attraction betweeale and female prawns. The
variation in female behavioural responses with eespto the different male
morphotypes reflects the high activity of pheromanes released form the BC males

over OC and SM males.

Urine in the freshwater prawn is believed to be ohmajor pheromone carriers which
facilitating chemical communication among prawn iwdlals. Sexual responses of
newly-moulted female prawns were directly dependgidn urine concentration such
that the more urine there was present, the faster dbserved response. Urine
concentration therefore plays a significant roles@xual attraction. Results from this
study suggests that 3.0 it bf fresh urine is a sufficient concentration tdciela
significant sexual attraction under the laboratoonditions. From these results it can
therefore be suggested that pheromone releasedbiotimmale and female freshwater
prawns plays several different roles in male-fenateractions. It can provide multiple
pieces of information on female’s receptivity, dre tsender’'s gender and on a male’s

social hierarchy status. Because pheromone plaignaficant role in controlling the

220



social structure and the reproductive attractionaveur, it becomes a very promising

chemical as a tool for population culture control.

Exposing fresh urine to different temperature tresits (cooling at 4°C, freezing at -
70°C and heating at 70°C) allows investigation lod tharacteristics of contained
pheromones. Compare to fresh urine, slowest segapbnses were observed in newly-
moulted female toward heated urine whereas theyoreted relatively faster toward

cooled urine 4°C. It can be suggested that panadagjon of some pheromone content
in stored cooled urine and more degradation in baihen and heated urine occur
respectively. Thus, the conclusion may be drawn pireromone in prawn urine are

temperature sensitive being friable at the highlamdtemperatures examined.

The antennal glands (AGs) bf. rosenbergiiare the principle excretory organs acting
of discharge metabolic wastes in urine and funatigim Osmoregulation. Histological
analysis revealed that the AG of thi rosenbergiihad four distinct regions, the
coelomosac, the nephridial tubules, the labyrimid the bladder. These four regions
structure have been found in several freshwatestacean species. The location of the
coelomosac was found to be posterior to the labdyrand connected directly to the
labyrinth through a duct. The coelomosac had a Isingpithelium with luminal
microvillar brush border. Podocytes M. rosenbergiiwere similar to those of other
freshwater Crustacea with the intercellular spdusgtsveen podocytes cells playing an
important role in ultra-filtration of haemolympHhaing fluid to transfer from the basal
membrane to the apical side towards the coelombasaen. It is suggested that

podocytes cells are responsible for reabsorbirgglarolecules from primary urine.
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The labyrinth region oM. rosenbergiiobserved in this study comprised the largest
proportion of the AG and its location was ventnadl @nterior to the coelomosac region.
It had two structurally distinct sub-regions, labyin-1 and labyrinth-II. Labyrinth-I was
located next to the coelomosac, while labyrintivés located in the distal part of the
opposite side of the coelomosac. In term of siakyrinth-I is larger than labyrinth-I1.
However, the lumen in labyrinth-Il is wider thanathof Ilabyrinth-l. These
morphological differences may indicate differenagesheir functions. Both labyrinth-|
and Il had cuboidal and columnar cells with denserawilli at the apical luminal side
of the cells and the intercellular spaces are mariifferences in cell structure and
contents may depend on secretion status. Apicabmilt, cytoplasmic vesicles, apical
cytoplasmic extrusions, cytoplasmic vacuoles arahbmembrane infoldings were the
general features of the epithelial cells of theytatith. The well developed microvillar
border at the luminal surface suggests that tiggonehad a high absorptive capacity.
The intercellular spaces between labyrinth cellsewsarrow and cells were close to
each other. This could suggest that labyrinth tedwdre adaptive to an absorptive

function.

The nephridial region comprised a dense networtkvidted tubules. The epithelium of
these tubules comprised a thin layer of cells witich cell possessing a nucleus and
pronounced dense basal invaginations of cell memebrd@he nephridial region is
located in two different positions, one beside keyrinth and the other beside the
coelomosac. The abundance of mitochondria in #ggon suggests that may function
to pump ions against a concentration gradient arglsuggested that the distal part of
the nephridial tubule can act as a key site forrgabsorption. The moult status Mf

rosenbergiimay influence the dynamic circulation of some iamghe body with the
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AGs performing in controlling the concentrationdrade of these ions between internal
and external body. The presence of nephridial egoid believed to be an adaptation to
life in freshwater for a number Crustacea sucMasosenbergiiwhich enables them to

produce urine which is isotonic to the haemolymph.

The final part of the antennal gland, the bladaes a large sac encircling the other
parts of the AG and connected with the labyrinth &itubule. It had a thin epithelial
wall consisting of a single cell layer comprisingsequence of rounded cells, some
having cytoplasmic extrusions and large vacuoldsoAthere was a substantial main
lumen which occupied a large mass of the bladdgronewhich in turn gave it
flexibility for expansion during urine storage. Miwilli were not present in the
epithelial layer of the bladder. Such structure gasis that storing urine before
discharge through the nephropore is the major fonaif the bladder. The bladder may
also act in reabsorbing some ions from the urirceraay also have a role in dilution of

urine.

Given that no structures were observed that had ctieracteristics of glandular
secretory tissues, it seems that the AGs themsaleegaot the site of secretion for the
reported sex pheromone and it is suggested otreerdgllocated to the AG are

responsible for producing the sex pheromone.

Further research to study the effect of moult stata AG morphology and the precise

function of the AGs is clearly warranted. This stidso prompts further analysis of the
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relationship between the sexual attraction resmorafeM. rosenbergiiand other
biological / environmental factors and research marang the identity and site

production of the pheromones whose activity has lgescribed in this thesis.
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