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Summary 374 

Pearl oyster farming is a significant component of the Australian mariculture 375 

industry. However, disease often threatens its productivity. Previous work has 376 

identified a strong relationship between environmental stress and altered 377 

immunological activity in many molluscs, often resulting in the spread of 378 

opportunistic pathogens. My studies investigate this relationship, focusing on the 379 

effect of stress induced neuroendocrine secretions. 380 

The First Chapter provides a general introduction to the history and existing 381 

knowledge of Akoya pearl oyster aquaculture. This Chapter examines subjects that 382 

are to be further investigated by this thesis, namely; the relationship between farmed 383 

marine invertebrates and the influence of husbandry and handling on their immune 384 

and endocrine systems.  385 

The Second Chapter provides a detailed introduction of the morphology and 386 

cytochemistry of P. imbricata haemocytes; granulocytes, hyalinocytes, and serous 387 

cells. Granulocytes represent the most abundant cells type (62%), and are shown to 388 

have the highest capacity to phagocytose Congo red-stained yeast cells. Granules 389 

contained within granulocytes were also found to stain positively for a number of 390 

immuno-reactive enzymes or products including; phenoloxidase (PO), peroxidase, 391 

superoxide, and melanin. Hyalinocytes were the second most abundant cell type 392 

(36%), and also engulfed Congo red-stained yeast cells. Serous cells represented the 393 

smallest component of the haemocyte population (2%) and were not involved in 394 

clearance activities.  395 

Chapter Three investigates the effects of common environmental stressors 396 

(low salinity, mechanical agitation (MA), and exposure to air) on the immunological 397 

activity in P. imbricata haemocytes. Both phagocytosis and PO activity decreased 398 
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significantly when oysters were exposed to all three stressors. The responses to other 399 

parameters tested (granulocyte to hyalinocyte ratio, total haemocyte counts, acid 400 

phosphatase activity, and total protein content) were found to vary, and the different 401 

immunological parameters tested were influenced uniquely according to the type of 402 

stressor. 403 

Chapter Four addresses the relationship between stress and hormone-induced 404 

apoptosis in defensive haemocytes from P. imbricata. Haemocytes were exposed to 405 

0.0, 2.5, 5.0 and 10.0 ng noradrenaline (NA) per µg of protein. Both DNA 406 

fragmentation and Annexin V-FITC staining was greatest in haemocytes exposed to 407 

10 ng NA/ µg protein. The ability of haemocytes to adhere to glass slides was also 408 

negatively affected by NA exposure. Cytoskeletal re-arrangement was evident in NA- 409 

treated haemocytes stained with the F-actin selective stain, Phalloidin Alexa Fluor 410 

488. Morphological and ultrastructural changes in NA-exposed haemocytes identified 411 

by transmission and scanning electron microscopy included; chromatin and 412 

cytoplasmic condensation, the formation of apoptotic bodies, vacuolization and 413 

blebbing.  414 

Husbandry and handling are often the cause of, or exacerbate, stress in farmed 415 

marine species. Chapter Five explores this relationship by investigating the effects of 416 

antifouling practices (treatment with high pressure water jets, being struck with a 417 

chisel, a combination of the high pressure water jets and being struck with a chisel 418 

and exposure to air) on mature pearl oysters in the field (P. maxima). We also 419 

investigated the effects of air exposure on juvenile oysters. Phenoloxidase activity 420 

declined by ≥ 40% after 48h exposure in all mature treated oysters. After 96h, PO 421 

activity recovered to greater than control values. Comparatively, PO activity increased 422 

significantly in juvenile oysters exposed to air at both 24 and 96h. 423 
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The Sixth Chapter investigates the effects of MA and exposure to air on the 424 

expression of antioxidant genes in P. imbricata. Significant declines in the expression 425 

of glutathione-S-transferase (GST) and peroxiredoxin (PRx) were recorded after 60 426 

min exposure to both MA and exposure to air. Similarly, glutathione peroxidase 427 

(GPx) expression declined significantly after 60 min exposure to MA. Hierarchical 428 

cluster analysis and multidimensional scaling indicated that the suppression of 429 

antioxidant expression was transient and had begun to return to control (unperturbed) 430 

levels within 6 hours. The MDS analysis also showed there to be no difference 431 

between the MA and air treatments, suggesting that air (the common component of 432 

both treatments) was the causative agent of stress. Given that the expression of HSP- 433 

70, a common marker of ‘stress’, was not significantly affected when oysters were 434 

exposed to MA and air, monitoring antioxidant genes in pearl oysters may represent a 435 

more informative suit of biomarkers in response to husbandry and handling stressors.   436 

Chapter Seven reviews the effects of environmental stress and the spread of 437 

disease in P. fucata (also known as P. imbricata throughout Australia), referring to 438 

experiences with related species. It provides a comprehensive and detailed summary 439 

of factors implicated with disease genesis and on-going outbreaks.  440 

Overall, the data presented in this thesis demonstrates a strong association 441 

between environmental stress and immunological suppression.  442 

 443 
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GENERAL INTRODUCTION 474 

1.1 General Biology of P. imbricata 475 
 476 

1.1.1 Taxonomy and Distribution 477 

Pearl oyster farming can be highly lucrative, as the animals are nucleated for 478 

the production of pearls and can also be harvested for their meat (Urban, 2000). 479 

Current figures estimate that one hundred grams of cultured pearls have a market 480 

value of up to US $2,600 (Anon, 2007; Mamangkey, 2009). Pearl oysters belong to 481 

the order Pterioida in the superfamily Pteriacea (Wada, 1978; Chellam et al., 1981; 482 

Pit, 2004). The Akoya or Japanese pearl oyster, Pinctada imbricata (P. imbricata) has 483 

a cosmopolitan distribution including the northern and eastern coastlines of North and 484 

South America, the eastern coast of Africa, Korea, Southern China, and Australia, as 485 

well as the Mediterranean, the Indian Ocean and the Red Sea (Fig. 1; Shirai, 1994; 486 

O’Connor et al., 2003; Kuchel et al., 2011). Within Australia P. imbricata is endemic 487 

to Shark Bay in the west, around the perimeter of the northern coastline extending 488 

down the eastern seaboard to the northern tip of northern Victoria (Hynd, 1955; 489 

O’Connor et al., 2003).  490 

There has been much confusion regarding the taxonomic classification of P. 491 

imbricata and it often varies based on geographical location (Yu et al., 2006; Acosta- 492 

Salmón, 2004). The species is referred to as either P. fucata (Gould, 1850), P. 493 

vulgaris (Schumacher, 1817), P. fucata martenseii (Dunker, 1850), or P. radiata 494 

(Leach, 1814; O’Connor et al., 2003; Pit, 2004). A number of taxonomic studies have 495 

focused on this species complex in an attempt to settle the conflicting classifications 496 

(O’Connor et al., 2003). It is thought that the extended larval period has played a 497 
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significant role in the rather considerable distribution of this genus (Cunha et al., 498 

2011).  499 

 501 

 526 

Figure 1. The global distribution of P. imbricata. P. imbricata is endemic to the 527 

northern and eastern coastlines of North and South America, the eastern coast of 528 

Africa, Korea, Southern China, and Australia, as well as the Mediterranean, the Indian 529 

Ocean and the Red Sea (adapted from Shirai, 1994; O’Connor et al., 2003; Kuchel et 530 

al., 2011). 531 

 532 

In 1961, Ranson classified P. imbricata as the Atlantic pearl oyster, P. 533 

radiata, based on its distribution in the Atlantic and Pacific Ocean (Wada, 1978). 534 

Further investigative studies identified the Japanese pearl oyster, P. martensii, to be a 535 

separate species from P. radiata (Wada, 1978). Other studies by Kuroda et al. (1971), 536 
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reassessed Ransons’s classification and reported the Japanese pearl oyster to be a 537 

subspecies of the tropical Pacific oyster, P. fucata, and renamed it P. fucata martensii 538 

(Wada, 1978). Colgan and Ponder (2002) compared genetic materials from Australian 539 

bred P. imbricata with samples from oysters (P. fucata) in Honshu, Japan (O’Connor 540 

et al., 2003). Results from this study confirmed the samples to be conspecific (Colgan 541 

and Ponder, 2002; O’Connor et al., 2003). Similarly, Yu et al. (2006) investigated the 542 

relatedness of P. fucata (China), P. imbricata (Australia), and P. fucata martensii 543 

(Japan). With the use of amplified fragment length polymorphism (AFLP) markers 544 

they concluded that all three taxa are conspecific with P. fucata (Yu et al., 2006). For 545 

the purpose of this thesis, I have accepted the taxonomic classification P. imbricata 546 

throughout Chapters 2, 3, 4, 6 as detailed by Shirai (1994) and P. fucata throughout 547 

Chapter 7. 548 

 549 

1.1.2 Reproduction 550 

 Due to the lucrative nature of pearl cultivation, there has been substantial 551 

interest in the reproductive condition and associated events of P. imbricata 552 

(Alagarswami et al., 1989; O’Connor and Lawler, 2002). A thorough understanding 553 

of reproductive biology assists in many aspects of protocol development for pearl 554 

farming, including hatchery production, wild spat collection, and most importantly, 555 

timing of nuclei implantation and pearl extraction (Wada et al., 1991, 1995; O’Connor 556 

and Lawler, 2002; O’Connor et al., 2003). Studies of reproductive states of P. 557 

imbricata have found them to vary significantly depending upon geographical 558 

location. Subtropical oysters demonstrate two discrete spawning periods (typically 559 

November and March in NSW, Australia), whilst tropical species tend to spawn year 560 
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round (O’Connor et al., 2003). This reproductive pattern is typical of tropical regions, 561 

as there is little variance in both water temperature and food supply (Urban, 2000).  562 

P. imbricata are protandrous hermaphrodites and reach sexual maturity from 563 

approximately 6 months to a year in age (Tranter, 1958c; Gervis and Sims, 1992; 564 

O’Connor et al., 2003; Pit, 2004). Sexual ratios tend to be male dominated in the first 565 

few years of development, and female in the latter (Hynd, 1955). This suggests that 566 

sexual dimorphism is influenced by environmental conditions, as oogenesis requires a 567 

significantly higher food ration than spermatogenesis (Tranter, 1958 a, b; Pit, 2004). 568 

For this reason, the period of “maleness” typically dominates regions of lower year- 569 

round food abundance, such as the conditions experienced in temperate waters 570 

(Tranter, 1958 a, b; Pit, 2004). 571 

Most oysters reproduce by broadcast spawning. Based on both water 572 

temperature and tidal cycle, gametes (both sperm and eggs, 2n = 28) are released into 573 

the water column, whereupon external fertilization occurs (Loosanoff and Davis, 574 

1963; Wada, 1978; Acosta-Salmón, 2004; Pit, 2004). After fertilisation early embryos 575 

(24h) develop a protective shell and are termed ‘D-stage’ veliger larvae (Fig. 2; 576 

Wada, 1991; Doroudi and Southgate, 2002; Pit, 2004). This developmental phase is 577 

independently mobile and can swim freely using ciliated velae (Gervis and Sims, 578 

1992; Pit, 2004). This mobility is important because D-veligers exhaust their 579 

endogenous energy reserves within 24 hours, at which time they become phototaxic 580 

and remain close to the water’s surface (Nayar et al., 1978; Acosta-Salmón, 2004; Pit, 581 

2004). Larvae develop into an umbo veliger at 8-10 days (Acosta-Salmón, 2004; Pit, 582 

2004), and shortly after a pigmented ‘eye’ spot forms (Chellam, 1987; Gervis and 583 

Sims, 1992; Acosta-Salmón, 2004; Pit, 2004). Settlement occurs in conjunction with 584 

the development of a functional foot and is associated with a number of metamorphic 585 
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events, including the developments of labial palps and gill filaments (Plantigrade; 586 

Chellam, 1987; Pit, 2004).  587 

 588 

Figure 2. Generalised life cycle of P. imbricata (adapted from Gervis and Sims, 589 

1992). 590 

 591 

1.1.3 External Anatomy 592 

The anatomy of P. imbricata described in this section relates to organs and 593 

structures that are relevant to the research conducted in this study. The body and shell 594 

!"#$%&'(
)*+,$"-.*/(*''( 012*"-'*+( 34*/(2*"-'*+( 5*/-6*"-'*+(

5"$&%'+$/*(

7/8",(9$"*:($&/()*9$"*:(
:;$<&((

3'':($&/(:;*+9(

=-""(>"$9*&,:(

?*+*@+$"(
'$&'"-#&(
8;;*+($&/(
"#<*+("$@-$"(
;$";(



 31 

of P. imbricata are asymmetrical. The shell is shaped like a horseshoe and is 595 

comprised of two valves joined by an elastic ligament (Acosta-Salmón, 2004). The 596 

left valve is deeper than the right and the byssal notch is located on the anterior side 597 

(Wada, 1991; Acosta-Salmón, 2004). The shell is comprised of three distinct layers; 598 

conchiolin (the outermost), calcite crystals (prismatic layer) and aragonite crystals 599 

fused in a protein matrix (nacre, inner most layer; Acosta-Salmón, 2004). External 600 

shell colour varies, typically as a combination of brown, green, sliver, gold and pink 601 

(Fig. 3). Growth processes are located on the surface of the shell and form scale-like 602 

growth lines (Wada, 1991). These structures are tapered with finely rounded tips and 603 

arranged in radial rows (Wada, 1991).  604 

 606 

 607 

Figure 3. The shell of P. imbricata. 1, anterior margin; 2, posterior margin; 3, dorsal 608 

margin; 4, ventral margin; 5, umbo; 6, anterior ear; 7, posterior ear; 8 byssal notch; 609 

10, ligament; 11, growth line; 12, impression of retractor; 13, impression of adductor; 610 

14, impression of pallial muscles; 15, impression of levators; 16, pallial line; 17, pearl 611 

layer (adapted from drawings by Katsou Takayama). 612 
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 634 
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 638 

 640 
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 644 

 646 

 648 

 650 

 652 

 654 

 656 

 658 

 660 

 662 

 664 

 666 

Figure 4. A, schematic representation of the internal anatomy of P. imbricata. Note 667 

the pericardial cavity (adapted from Gervis and Sims, 1992). B, the internal anatomy 668 

of P. imbricata: (GI) gills, (RM) retractor muscle, (G) gonad, (PC) pericardial cavity, 669 

(A) adductor muscle, (M) mantle, (GP) growth processes, (PG) pedal groove.  670 
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1.1.4 Internal Anatomy 672 

Detachment of the adductor muscle from the dorsal aspect of the shell exposes 673 

the oyster’s internal anatomy; the fatty deposit, the mantle, gills, byssus, gonad, foot, 674 

and adductor muscle (Fig. 4). The pericardium is located beneath the fatty deposit and 675 

next to the gonad (Fig. 5).  676 

 677 

1.2 Pearl Production  678 
 679 

1.2.1 The History of Pearl Production 680 

Fishing for pearls and pearl by-products is an ancient practice (Chellam et al., 681 

1981). Records from India date back to approximately 4000 B.C. when oysters were 682 

harvested for Mother-of-Pearl (MOP; Wada, 1991; Pit, 2004). In these times, MOP 683 

was acquired for practical uses, namely for the manufacture of buttons, implements, 684 

and to a lesser extent, decorations (Acosta-Salmón, 2004; Pit, 2004). Natural pearls 685 

were first discovered as a result of foraging and were subsequently used in cultural 686 

and religious ceremonies (Strack, 2006). In the early 19th century (before the 687 

intervention of man) natural pearls were exceptionally rare and obtaining one was 688 

costly. This was due to the potential threats to divers which included shark attacks and 689 

drowning (Kunz and Stevenson, 1908; Mamangkey, 2009). It was not until the mid 690 

19th century that wild oyster stocks began to decline, providing an impetus for 691 

artificial pearl cultivation (Saville-Kent, 1890; Pit, 2004).  692 

The history of modern pearl production began with experiments conducted by 693 

William Saville-Kent, on P. maxima, in 1890. However, the history of mass pearl 694 

production is commonly associated with Kokichi Mikimoto, who successfully 695 

produced half pearls (mabe; Fig. 5; Wada, 1991; Pit, 2004). Shortly after Mikimoto’s 696 
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discovery, Tokichi Nishikawa and Tatsuhei Mise discovered that by introducing a 697 

nucleus and donor mantle tissue (saibo) into the gonad of an oyster, a pearl sac would 698 

form around the nucleus resulting in mineralization and nacre deposition (Pit, 2004). 699 

A joint patent was awarded to Nishikawa and Mise. However, a year later, Mikimoto 700 

applied for a similar patent, the only difference being his technique included ‘round’ 701 

pearl production (Fig. 6; Cahn, 1949; Wada, 1991; Pit, 2007). This protocol has since 702 

dominated the industry and Mikimoto has long been considered its ‘founding father’ 703 

(Wada, 1991; Pit, 2004).  704 

 705 

 707 

 709 

 711 

 713 

 715 

 717 

 719 

 721 

 723 

 725 

 727 

 729 

 731 

 732 

Figure 5. Half pearls, or mabe (M), are hemispherical pearls grown against the inside 733 

nacre of the shell. Mabe are significantly cheaper than round cultured pearls and are 734 

often set in jewellery such as rings, pendants and brooches (photograph by Rhiannon 735 

Kuchel).   736 

M!
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 738 
 740 

 742 

 744 

 746 

 748 

 750 

 752 

 754 

 756 

 758 

 760 

 762 

 763 

Figure 6. Man-made pearls mimic the natural process of pearl production. An irritant, 764 

i.e. nucleus, is inserted into the gonad with a section of saibo tissue. After 7 days a 765 

pearl sac forms around the nucleus and at approximately 40 days nacre is deposited. 766 

Oysters are typically seeded with a round nucleus (photograph by Rhiannon Kuchel). 767 

 768 

1.2.2 Pearl Production 769 

Today, Japanese cultured Akoya pearls total approximately 2.2% of both the 770 

fresh and saltwater pearl market, but represent at least 20% of the overall value (US 771 

$128 million; Anon, 2007; Mamangkey, 2009). The process of artificial pearl 772 

production is often referred to as ‘seeding’ or ‘grafting’ an oyster (Pit, 2004). Prior to 773 

seeding, oysters undergo a month long conditioning phase, inducing both nutritional 774 

and physiological stress (Taylor and Strack, 2008; Mamangkey, 2009). In P. maxima, 775 

the oysters are exposed to air just before nucleation, forcing them to gape 776 

(Mamangkey, 2009). Recently, research has investigated the possibility of chemically 777 
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‘relaxing’ oysters with propylene phenoxetol prior to extracting saibo, therefore 778 

eliminating the necessity to expose the oysters to air (Norton et al., 1996; 779 

Mamangkey, 2009). These studies have shown that ‘relaxed’ tissue performs better 780 

than that of non-relaxed oysters (Mamangkey, 2009). 781 

Modern-day pearls are produced by inserting a nucleus milled from a bivalve 782 

shell, typically that of a Mississippi freshwater clam. The nucleus itself is a complex 783 

of a protein matrix and an aragonite and calcite crystal structure (Kobayashi and 784 

Samata, 2006). The nucleus is coupled with a small 3mm square section of donor 785 

mantle tissue (saibo - nacre secreting) and is inserted into the gonad of the recipient 786 

(host) oyster (Fig. 7 & 8; Gervis and Sims, 1992). Saibo tissue is selected for and 787 

based on both nacre colour and lustre, as these characteristics are thought to 788 

contribute to the resulting pearl (Taylor, 2002; Mamangkey, 2009; McGinty et al., 789 

2010). The orientation of the saibo tissue in relation to the nucleus is of significant 790 

importance. If the cells that secrete nacre are facing the opposite direction to the 791 

nucleus, nacre deposition will not occur (Kafuku and Ikenoue, 1983; Pit, 2004). A 792 

nacreous layer of aragonite crystals is deposited around 40 days after nucleus 793 

insertion at approximately 0-7 layers per day. Industry standards for Akoya pearls 794 

requires nacre thickness of ~ 0.2 mm -0.5 mm (Fig. 9; Pit, 2004).  795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 
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 803 

Figure 7. A, a nucleus milled from a freshwater clam shell. B, a freshwater clam shell 804 

(photograph by Rhiannon Kuchel). 805 

 807 

 809 

 811 

 813 

 815 

 817 

 819 

 821 

 823 

 825 

 827 

 829 

 831 

Figure 8. Nucleation of P. imbricata. The nucleus is inserted into the gonad through a 832 

wound located near the foot (adapted from Inoue et al., 2010). 833 

 834 
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The overall quality of a pearl is assessed by five different criteria: shape, size, 835 

lustre, surface texture, and colour (Gervis and Sims, 1992; Acosta-Salmón, 2004). 836 

Nacre deposition is significantly influenced by environmental conditions, the overall 837 

health of the recipient oyster and the quality of donated saibo tissue (Gervis and Sims, 838 

1992; Acosta-Salmón, 2004). At best, only 30 - 35% of nucleated oysters survive the 839 

process and produce a pearl (Matlins, 2002). Resulting pearls are commonly graded 840 

by the AAA-A system (Mamangkey, 2009). 841 

 842 

Figure 9. Diagrammatic representation of nacre deposition and pearl formation. A 843 

pearl sac forms around the nucleus within the first seven days of grafting. 844 

Subsequently, a further three other layers develop around the nucleus; the 845 

periostracum (~15 days), the prismatic (~30 days), and nacre (~40 days; adapted from 846 

Pit, 2004). 847 
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1.3 The Akoya Pearl Industry 848 
 849 

1.3.1 History of the Akoya Pearl 850 

Commercial Akoya pearl culture was first established in Japan in the 1920’s 851 

(Kafuku and Ikenoue, 1983; Pit, 2004). However, by 1996 productivity declined 852 

significantly due to the proliferation of Akoya viral disease (AVD), from which 150 853 

million oysters perished (Beard and Wade, 2002; Pit, 2004). By early 2000, the 854 

Japanese Akoya pearl industry represented only 21% of the total world market, and by 855 

2002, pearl production fell to ~ 30 tonnes, a mere 13% of overall production in 1996 856 

(Dettmar, 2002; Pit, 2004). The outbreak of disease and its continuing proliferation 857 

has been still linked with increasing urbanisation and industrialisation (O’Connor et 858 

al., 2003).  859 

 860 

1.3.2 Akoya Pearl Production in Australia 861 

The decline in Japanese cultured Akoya pearls has created an opportunity for 862 

other pearling nations to enter the market, including Australia. A survey conducted by 863 

Colgan and Ponder (2002) revealed that P. imbricata is endemic to the coastline of 864 

Australia, from Shark Bay in the west to the tip of Victoria in the east (O’Connor et 865 

al., 2003). In 2003, the New South Wales Department of Industry and Investment 866 

(NSW DII) and Radiata Pty Ltd began to assess the viability of Akoya pearl culture in 867 

Port Stephens, NSW (O’Connor et al., 2003). Results from initial studies were 868 

encouraging and a commercial pearl oyster venture is now in operation.  869 

The production of high quality Akoya pearls, combined with the development 870 

of a robust industry in Australia is very promising. There are a number of advantages 871 

in farming P. imbricata over the already popular P. maxima and P. margaritifera (Pit, 872 
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2004). For example, the time taken for P. imbricata to produce a pearl from hatchery 873 

spat to harvest is significantly shorter than for other pearl species. This is because P. 874 

imbricata can be nucleated within a year (~ 50 mm dorso-ventral length), compared to 875 

with two years (100 – 200 mm) for P. maxima and P. margaritifera (Wada, 1986; 876 

Shirai, 1994; Pit, 2004). The time taken to produce a pearl by P. imbricata is 877 

approximately 2.5 – 3 years, whereas P. maxima and P. margaritifera require a 878 

minimum of 3.5-4 years (Pit, 2004). In addition, P. imbricata can be implanted with 879 

multiple nuclei, whilst the other farmed species are restricted to a single nucleus 880 

(Shirai, 1994). 881 

 882 

1.4 Invertebrate Immunology 883 
 884 

1.4.1 Invertebrate Immune Systems 885 

The development of a robust and lucrative pearl industry relies on the 886 

production and maintenance of healthy oysters. Pearl quality is ultimately a reflection 887 

of immunological status, which can be jeopardised by stress and disease. Multicellular 888 

organisms have evolved complex immune systems to protect against infection (Lee 889 

and Söderhall, 2002). During metazoan evolution, two forms of immunity developed; 890 

adaptive (acquired) and innate (natural) immunity (Lee and Söderhall, 2002). Innate 891 

immunity is phylogenetically more ancient than adaptive immunity and is present in 892 

both vertebrates and invertebrates (Clatworthy, 1998).  893 

Traditionally adaptive immunity is associated with vertebrates. However, a 894 

number of recent studies have investigated the possibility that variable forms of 895 

specific and adaptive immunity also exist within invertebrates (Butt et al., 2007; Kurtz 896 

and Franz, 2003b; Pham et al., 2007). For example, Kurtz and Franz (2003b) 897 
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discovered that priming injections in the copepod, Macrocyclops albidus, decreased 898 

re-infection by the same parasite, but did not affect resistance to other unrelated 899 

parasites. Similarly, Pham et al. (2007) have shown that the mosquito, Drosophila 900 

melanogaster, can adapt to immune challenges when injected with sublethal doses of 901 

Streptococcus pneumonia. Secondary exposure to the original bacteria was not found 902 

to result in infection (Pham et al., 2007).  903 

It is thought that adaptive immunity, at least in vertebrates, developed over 904 

400 million years ago and is considered to be more “sophisticated” than innate 905 

immunity (Fearon and Locksley, 1996). Acquired immunity possesses more complex 906 

molecular mechanisms than that of innate immunity, including immunological 907 

memory, specific recognition of foreign antigens, and hypervariable pathogen-specific 908 

receptor proteins (Janeway and Medzhitov, 2002; Aladaileh et al., 2007a). Specific 909 

immunological memory is represented by pathogen-specific receptor proteins which 910 

are generated by somatic gene rearrangements and clonal amplification (Aladaileh et 911 

al., 2007a).  912 

The invertebrate immune response has received significant attention in the last 913 

two decades (Canesi et al., 2002). The first and basic lines of natural immunity are 914 

chemicophyisical barriers (mucus, external skeletons, and cuticles), which help to 915 

protect against initial microbial invasion (Deaton et al., 1999; Canesi et al., 2002). If 916 

one of these primary barriers is breached the secondary component of innate 917 

immunity is engaged. This secondary response is represented by both cellular and 918 

humoral defence mechanisms mediated by circulating haemocytes (Medzhitov and 919 

Janeway, 2002; Deleporte et al., 2006).  920 

The cellular component of innate immunity is based on haemocyte function 921 

and involves enhanced cell migration, phagocytosis, encapsulation, the release of 922 
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antimicrobial proteins, nodule formation and the production of reactive oxygen 923 

species (ROS), such as superoxide and peroxide (Armstrong et al., 1993; Anderson et 924 

al., 1994; Epand and Vogel, 1999; Stuart and Ezekowitz, 200; Butt et al., 2007).  925 

A number of studies have investigated the structure and function of bivalve 926 

haemocytes, and although there has been some confusion over their classification. 927 

There are two distinct types, hyalinocytes and granulocytes (Cheng, 1981; Auffret, 928 

1988; McCormick-Ray and Howard, 1991; Cajaraville and Pal, 1995; Ballarin and 929 

Cima, 2005; Chang et al., 2005). Both granulocytes and hyalinocytes are involved in 930 

immunological defense responses. Granulocytes differ from hyalinocytes in that they 931 

contain cytoplasmic granules, which have been found to produce a number of 932 

intracellular antimicrobial compounds, including superoxide anions and melanin 933 

(Aladaileh et al., 2007a), as well as defensive enzymes, such as phenoloxidase (PO), 934 

acid phosphatase, and peroxidase. 935 

Unlike vertebrates, invertebrates do not produce antigen-specific lymphocytes 936 

or immunoglobulins (Anderson, 1996). The molluscan humoral immune response is 937 

based on the activity of proteolytic cascades involving pattern recognition receptors 938 

(PRR’s; Cerenius and Söderhall, 2004). Pattern recognition receptors include lectins, 939 

prophenoloxidase (proPO) activating molecules, fibrinogen-related proteins (FREPs) 940 

and encapsulation-promoting peptides that are either situated on haemocyte surfaces 941 

or are dissolved within haemolymph serum (Peters, 2003; Fisher, 1986; Anderson, 942 

1996). Lectins bind to carbohydrate moieties on the surface of pathogens and are 943 

primarily responsible for “self” and “non-self” recognition (Anderson, 1996). This 944 

recognition system initiates a cascade of immunological responses, including 945 

opsonization and increased phagocytic clearance activities (Fisher, 1986). 946 

 947 
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1.4.2 Phagocytosis 948 

Phagocytosis is an important component of host defence and facilitates the 949 

removal of invading pathogens and cellular debris (Fig. 10; Stuart and Ezekowitz, 950 

2005). It is thought that phagocytosis evolved from the feeding mechanisms of 951 

unicellular organisms (Ratcliffe et al., 1985).  952 

Phagocytosis is initiated when pathogens are recognised as “non-self” by the 953 

complex process of molecular “pattern recognition” (Söderhall and Cerenius, 1998). 954 

Research investigating molluscan defense dates back to the late 1890’s (Metchnickoff 955 

1893; De Bruyne, 1983; De Bruyne, 1896), whilst studies investigating the effects of 956 

non-organic particles such as talc expoure and “india ink” occurred in the late 1960’s 957 

(Pauley and Sparks 1967; Cheng et al., 1970). Because most bacterial walls contain a 958 

rigid component of peptidoglycan (a carbohydrate), they are easily distinguished from 959 

“self” (Söderhall and Cerenius, 1998). Gram-negative bacteria also have an external 960 

layer of lipopolysaccharides (LPS) which encases peptidoglycan (Peters, 2004; Stuart 961 

and Ezekowitz, 2005). Eukaryotic pathogens are identified by the presence of 962 

plasmalemma-associated carbohydrates, such as ß-glucans (Fryer and Bayne, 1995). 963 

Peptidoglycans, LPS and ß-glucans represent unique pathogen-associated molecular 964 

patterns (PAMPs) that are detected by specific PRRs (lectins, proPO, FREPs and 965 

encapsulation-promoting peptides; Tiscar and Mosca, 2004; Stuart and Ezekowitz, 966 

2005). The activation of haemocytes by the presence of PAMPs and other non- 967 

organic particles may be regulated by proteins homologous to vertebrate cytokines 968 

(Marson et al., 2001; Kambris et al., 2006). 969 

 970 
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 971 

Figure 10. Schematic representation of phagocytosis. This process is characterised by 972 

five steps: 1, recognition; chemotaxis and pseudopodia development; 2, ingestion and 973 

phagosome formation; 3, fusion of lysosomes to the phagosome to form a 974 

phagolysosome and digestion of ingested pathogen by enzymes; 4, formation of a 975 

residual body containing indigestible materials; and 5, excretion of waste. 976 

 977 

At the onset of phagocytosis, the recognition of PAMPS by PRRs initiates a 978 

“zippering” or cell-adhesion effects resulting in the phosphorylation of membrane 979 

associated proteins including profilin and gelsolin (Rodríguez-Domínguez et al., 980 
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2006; Bugge et al., 2007). Actin microfilaments and the plasma membrane envelop 981 

the invading pathogen by developing pseudopodia (Söderhall and Cerenius, 1998). 982 

Once the invading pathogen is completely engulfed, the primary phagosome 983 

undergoes a series of fission and limited-fusion events with lysosomes to form a 984 

phagolysosome (Hauton et al., 2001). Microbial degeneration and digestion occurs as 985 

lysosomal agents, such as lysozome, PO, acid phosphatase and proteases are released 986 

into the phagosome (Munoz et al., 2006).  987 

 988 

1.5 Environmental Stressors and Disease 989 

Only 5% - 10% of pearls harvested represent the highest quality, yet they 990 

generate around 95% of the industry income (Haws, 2002; Mamangkey, 2009). For 991 

this reason, any advances in the industry could represent major financial benefits 992 

(Mamangkey, 2009). Most research thus far has focused on improving the production 993 

of pearls and their overall quality. While obviously this is of considerable interest to 994 

the industry, the effect that stress has on oyster mortality and the proliferation of 995 

disease should also be considered to be of the upmost importance.  996 

Oysters are ectotherms. They are poikilothermic and osmoconforming. For 997 

this reason their haemocytes and internal organs are exposed to many of the same 998 

environmental conditions as their external environment (Fisher, 1986). Continual 999 

fluctuations away from “optimal conditions” can lead to acute physiological stress, 1000 

often resulting in altered immunosurveillance and an increased chance of infection by 1001 

opportunistic pathogens (Fig. 11; Cheng, 1988; Aladaileh et al., 2008).  1002 

 1003 
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 1004 

Figure 11. A schematic diagram representing the effects of environmental stressors on 1005 

the immune system in P. imbricata  (Figure adapted from Girón-Pérez 2010). 1006 

 1007 

Typical stressors encountered in aquaculture include hypo- and hyper-thermia, 1008 

declines in dissolved oxygen content (hypoxia), mechanical agitation induced by 1009 

exposure to jet cleaning machines, fluctuations in salinity, and exposure to air. These 1010 

stressors have been shown to compromise immune function (Matozzo et al., 2007). 1011 

All organisms regulate their responses (both physiological and behavioural) to these 1012 

biotic and abiotic stressors to achieve homeostasis, which is regulated in part by the 1013 

endocrine system (Lacoste et al., 2001a-d; Aladaileh et al., 2008). Therefore, stress 1014 

can induce a change in hormone regulation, which can alter homeostasis and 1015 

associated biological functions (Chrousos and Gold 1992; Aladaileh 2007b). 1016 
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In aquaculture, it is important to identify and recognise the early stages of 1017 

bivalve stress (Sindermann, 1984). These typically include: mantle regression, 1018 

regression of the digestive tubule epithelium, a pale digestive gland, oedema, 1019 

haemocyte infiltration of tissues, a lag in gametogenesis, and an increased frequency 1020 

of ceroids (brown bodies; Sindermann, 1984). 1021 

In this context, a link between immunological impairment and environmental 1022 

stress has been identified in a number of invertebrates (Hegaret et al., 2003; de 1023 

Almeida et al., 2007). For example, stress induced by mechanical agitation 1024 

(associated with husbandry and handling) in C. gigas resulted in the release of 1025 

endocrine stress hormones, including noradrenaline and dopamine (Lacoste et al., 1026 

2002b).  Results from their study also indicated that there was a transient decrease in 1027 

a range of immunological parameters.  1028 

Given these findings, a number of studies have examined ‘stress indices’ as 1029 

potential indicators of disease susceptibility. Jeffries (1972) found that stressed clams 1030 

(Mercenaria mercenaria) are more likely to be invaded by the pathogen, Polydora 1031 

(Sindermann, 1984). His studies focused specifically on amino acid ratios, in 1032 

particular taurine/glycine ratios of the gill and mantle tissues (Jeffries, 1972). Ratios 1033 

above 3:1 indicated stress, whilst anything exceeding 5 was an indication of acute 1034 

stress and an associated increase in disease susceptibility (Jeffries, 1972; 1035 

Sindermann, 1984). Similarly, Feng et al. (1970) used taurine/glycine ratios to 1036 

examine stress responses and infection in Crassostrea virginica. Other indices that 1037 

have been used for the identification and analysis of stress include “scope for 1038 

growth” (measuring for the potential for somatic growth and gamete production) and 1039 

oxygen/nitrogen ratios (Corner and Cowry, 1968; Bayne and Scullard, 1977; 1040 

Sindermann, 1984). 1041 
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 Fluctuations in environmental conditions may also be implicated with 1042 

increased disease epizootics by increasing the virulence of infectious agents (Butt 1043 

2007). In 1982, Haskin and Ford found density gradients of the pathogen 1044 

Haplosporidium nelsoni (MSX disease) to be directly related to salinity 1045 

concentrations. At salinities ranging from 9 - 18 p.p.t., the parasite was found to enter 1046 

C. virginica, but its development was severely retarded (Haskin and Ford, 1982). It 1047 

should be noted that the developmental cessation of H. nelsoni might also be the 1048 

result of a decrease in salinity, in combination with favorable conditions for C. 1049 

virginica. Similar studies by Butt et al. (2006a) showed that salinity significantly 1050 

affects infection rates of Saccostrea glomerata with Marteilia sydneyi (QX disease). 1051 

Their studies also highlighted that decreases in the defensive enzyme, PO, was also 1052 

associated with a decline in salinity, which resulted in increased infection with M. 1053 

sydneyi (Butt et al., 2006b).  1054 

 1055 

1.6 The Neuroendocrine System and Stress 1056 
 1057 

1.6.1 The Neuroendocrine System 1058 

Homeostasis is maintained by both behavioural and physiological responses, 1059 

and it is regulated by the endocrine system (Oehlmann and Schulte-Oehlmann 2003).  1060 

Invertebrate endocrine systems lack the complexity of those in vertebrates. However, 1061 

they do possess discrete endocrine organs that consist of neurosecretory cells 1062 

(Oehlmann and Schulte-Oehlmann 2003).  1063 

The stress response occurs as a coordinated series of metabolic events 1064 

(Goedken et al., 2005). Corticotropin releasing hormone (CRH) and 1065 

adrenocorticotropin hormone (ACTH) are the main mediators of physiological stress 1066 
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responses in both vertebrates and invertebrates (Ottaviani et al., 1998). Both CRH and 1067 

ACTH control the secretion of catecholamines (biogenic amines; CA), such as 1068 

dopamine (DO) and noradrenaline (NA), which act primarily as neuroregulators (i.e. 1069 

neurotransmitters and neuromodulators; Lacoste et al., 2001b-d). Hormonal 1070 

messengers, such as DO and NA, have been detected in a range of invertebrates, such 1071 

as scallops (Placopecten magellanicus), cnidarians (Renilla koellikeri), and bivalve 1072 

molluscs including S. glomereata and C. gigas (Lacoste et al., 2001b; Aladaileh et al., 1073 

2008). Catecholamines have been found to control respiration, feeding activity, 1074 

metamorphosis, and reproduction (Sakharov and Salanki 1982; Teyke et al., 1993; 1075 

Beiras and Widdows 1995; Wang et al., 2006, Aladaleih 2007b).  1076 

Lacoste et al. (2001b) conducted a series of experiments to determine the 1077 

effects of NA on C. gigas haemocytes (Lacoste et al., 2001a-d). Results from their 1078 

studies indicated that NA has a dose-dependent inhibitory effect on phagocytosis and 1079 

modulates the production of ROS. Recent studies by Aladaileh et al. (2008) showed 1080 

NA injections in S. glomerata cause a decrease in the immunologically active enzyme 1081 

phenoloxidase (PO), as well as declines in total haemocyte counts and overall 1082 

phagocytic activity (Aladaileh 2007b). Both of these studies support the hypothesis 1083 

that neuroendocrine responses can compromise immunological function. 1084 

 1085 

1.6.2 Environmental Stressors and the Endocrine System 1086 

A link between compromised immune efficiency and stress has been 1087 

established in a number of invertebrates (Malagoli et al., 2007; Lacoste et al., 2001a- 1088 

d; Aladaileh et al., 2008). This decline in immunosurveillance may be implicated in 1089 

disease outbreaks and their ongoing persistence.  1090 
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A study performed on C. gigas demonstrated that mechanical agitation (MA) 1091 

and temperature or salinity variations are associated with the secretion of NA (Lacoste 1092 

et al., 2001c). NA secretion resulted in the decline of many immunological 1093 

parameters, such as total haemocyte counts and total protein content (Lacoste et al., 1094 

2002b). Furthermore, temperature induced stress was found to increase infection and 1095 

mortality rates in juvenile oysters infected by the pathogen Vibrio splendidus (Lacoste 1096 

et al., 2001a). In a similar study, the abalone Haliotis turberculata were subject to 15 1097 

min of MA. Assays identified the presence of both DO and NA within their 1098 

circulatory system (Cheng et al., 2006; Malham et al., 2003). Immune parameters 1099 

such as total haemocyte counts, migratory activity, phagocytic and respiratory bursts 1100 

were also found to be compromised (Cheng et al., 2006).  1101 

A number of studies have also identified a correlation between hormonal 1102 

stress responses and apoptotic events (Lacoste et al., 2002a; Aladaileh et al., 2008). 1103 

Sokolova et al. (2004) found that heavy metals alter haemocyte morphology and 1104 

induce apoptosis in the Eastern oyster, C. gigas. Similarly, Tri-n-butyltin (TBT) and 1105 

herbicide 2,4-dichlorophenoxyacetic acid in the mussel, Mytilus galloprovincialis, 1106 

were found to affect haemocyte proliferation and increase the incidence of apoptosis. 1107 

These studies suggest that apoptosis of defensive haemocyte populations may be a 1108 

contributing factor in stress-associated immunosuppresion.   1109 

 1110 

 1111 

 1112 

 1113 

 1114 
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1.7 Research Plan 1115 
 1116 

1.7.1 Aims and Objectives 1117 

The aim of my thesis is to define the effects of environmental stress on 1118 

immunological activity in pearl oysters. My studies will: 1119 

1. Provide a morphological and functional classification of P. imbricata 1120 

haemocytes. 1121 

2. Test whether environmental stress (temperature, salinity and MA) alters key 1122 

immunological responses such as; PO and acid phosphatase activity, 1123 

phagocytosis, total haemocyte counts, granulocyte abundance, and total protein 1124 

content. 1125 

3. Study the cellular basis and the relationship between the stress hormone, NA, 1126 

and impaired immune function, focusing on hormone-induced apoptosis among 1127 

defensive haemocytes. 1128 

4. Demonstrate the regulation of PO in stressed P. maxima, and its applications for 1129 

early detection with on farm applications. 1130 

5. Investigate the effects of environmental stressors (MA and exposure to air) on 1131 

the expression of antioxidant genes. 1132 

6. Review the Akoya pearl industry, focusing on invertebrate immunology and the 1133 

effects of environmental stressors and their interactions with the spread and 1134 

persistence of disease. 1135 

 1136 

 1137 

 1138 

 1139 

 1140 
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Preface 1602 

As detailed in Chapter One of this thesis, there is a definable link between 1603 

exposure to environmental stress and increased disease susceptibility due to 1604 

immunnosuppression. The innate immune response is mediated by a combination of 1605 

humoral and cellular effectors. The presence of pathogen associated molecular 1606 

patterns (PAMPs) initiates non-self recognition which can result in the phagocytosis 1607 

and intracellular killing of invading organisms. This provided impetus for my initial 1608 

research, as the characterisation of haemocytes is an imperative first step in defining 1609 

immunological responses to disease and infection because invertebrate blood cells are 1610 

primary mediators of host defence. This work was important because the results form 1611 

a foundation for further research investigating environmental stressors and associated 1612 

immunosuppression in P. imbricata. A range of immunological assays and both light 1613 

and electron microscopy were employed to identify haemocyte structure and function. 1614 

The results from this Chapter show there are three distinct blood cell populations, 1615 

granulocytes, hyalinocytes and serous cells. Granulocytes were found to be the most 1616 

immuno-reactive cell population, engulfing the greatest amount of Congo red-stained 1617 

yeast and staining positively for a range of cytotoxic enzymes. Hyalinocytes were also 1618 

involved in clearance activities, but to a lesser extent. These results demonstrate the 1619 

importance of haemocytes in pearl oyster defence. 1620 

 1621 

1622 
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a b s t r a c t

The morphology and cytochemistry of Pinctada imbricata haemocytes were studied in vitro. Three distinct
blood cell types were identified; hyalinocytes, granulocytes, and serous cells. Haemocytes were classified
based on the presence/absence of granules, and nucleus to cytoplasm ratio. Granulocytes were the most
common cell type (62 ± 2.81%), followed by hyalinocytes (36 ± 2.35%), and serous cells (2 ± 0.90%). Gran-
ulocytes, and hyalinocytes were found to be immunologically active, with the ability to phagocytose
Congo red stained yeast. Of the cells involved in phagocytosis, granulocytes were the most active with
88.8 ± 3.9% of these haemocytes engulfing yeast. Cytochemical stains (phenoloxidase, peroxidase, super-
oxide, melanin, neutral red) showed that enzymes associated with phagocytic activity were localised in
granules within granulocytes. Based on their affinities for Giemsa/May–Grünwald stain, haemocytes
were also defined as either acidic, basic or neutral. Hyalinocytes and serous cells were found to be eosin-
ophilic, whilst granulocytes were either basophilic (large granulocytes), eosinophilic (small granulocytes)
or a combination of the two (combination granulocytes). Light, differential interference contrast and epi-
fluorescence microscopy identified three sub-populations of granulocytes based on size and granularity;
small (4.00–5.00 lm in diameter, with small granules (0.05–0.5 lm in diameter), large (5.00–9.00 lm in
diameter, with large granules (0.50–2.50 lm in diameter) and combination (5.00–9.00 lm in diameter,
with both large and small granules). These observations demonstrate that P. imbricata have a variety
of morphologically and functionally specialized haemocytes, many of which maybe associated with
immunological functions.

Crown Copyright ! 2010 Published by Elsevier Inc. All rights reserved.

1. Introduction

The increasing prevalence of infectious diseases in aquaculture
has become a significant problem for many previously lucrative
industries (Huchette and Clavier, 2004; Travers et al., 2008). Be-
tween 1993 and 1996 the Japanese Akoya pearl industry experi-
enced a significant slump in production of both shell and pearls,
representing a decline in productivity of almost 50% (O’Connor
et al., 2003). This disruption in the market was attributed to coastal
degradation and the proliferation of disease (O’Connor et al., 2003).
A thorough understanding of immunological responses by aquatic
species may help to lessen the impact of disease, especially within
monocultures. The characterisation of haemocytes within inverte-
brate aquatic species is a useful first step in defining immunologi-
cal processes because these cells are thought to be primary
mediators of host defence.

In bivalve molluscs, haemocyte-mediated immune responses
include nodule formation, encapsulation, phagocytosis, melanisa-
tion and the production of reactive oxygen species (ROS; Bayne,
1990; Pipe, 1992; Hégaret et al., 2003; Aladaileh et al., 2007; Butt
and Raftos, 2008), whilst humoral responses involve the synthesis

of effector proteins and antimicrobial enzymes (Bayne, 1990; Boul-
anger et al., 2006; Aladaileh et al., 2007). Aside from their immuno-
logical functions, mollusc haemocytes are also thought to be
involved in shell mineralization, excretion, metabolite transport,
digestion and wound repair (Cheng, 1981; Mount et al., 2004).

A number of studies have investigated the structure and function
of bivalvemollusc haemocytes (Cheng, 1984; Auffret, 1988;McCor-
mick-Ray and Howard, 1991; Cajaraville and Pal, 1995; Ballarin and
Cima, 2005; Chang et al., 2005; Aladaileh et al., 2007). They have
been based on a variety of techniques including density gradient
centrifugation (Cheng et al., 1980; Friebel and Renwrantz, 1995),
flow cytometry (Xue et al., 2001; Hégaret et al., 2003), and transmis-
sion, light and scanning electron microscopy (Morona and Mingyi,
1989; Zhang et al., 2006; Travers et al., 2008). Early characterisa-
tions of bivalve haemocytes were often contradictory because a
variety of techniques were used for their classification; as a result
numerous terminologies were adopted. It was not until Cheng
(1981, 1984) and Hine (1999) synthesised the literature that the
existence of threemajor circulating haemocyte classes, un-differen-
tiated cells, hyalinocytes and granulocytes, were hypothesised.

Both hyalinocytes and granulocytes are phagocytic and play a
central role in host defence (Auffret, 1988). In a recent study by
Aladaileh et al. (2007), granulocytes from the Sydney rock oyster
(Saccostrea glomerata) were found to be more phagocytically active

0022-2011/$ - see front matter Crown Copyright ! 2010 Published by Elsevier Inc. All rights reserved.
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than hyalinocytes. Similar granulocytes have also been identified
in many invertebrate species other than molluscs, and have been
classified as either eosinophilic, basophilic or neutrophilic (McCor-
mick-Ray and Howard, 1991; López et al., 1997). Cytochemical as-
says have demonstrated that granules within granulocytes contain
a number of intracellular antimicrobial compounds, including
superoxide anion and melanin (Aladaileh et al., 2007), as well as
defensive enzymes, such as phenoloxidase (PO), acid phosphatase,
and peroxidase.

In contrast to granulocytes, bivalve haemocytes containing few
or no cytoplasmic granules are defined as hyalinocytes. In 1999,
Hine described hyalinocytes as having a hyaline cytoplasm of a
‘‘silky” appearance (Hine, 1999). Superficially, hyalinocytes can
be divided into two classes; small hyalinocytes with large nuclei
and scanty cytoplasm lacking organelles, and large hyalinocytes
with reniform or irregular nuclei, large cytoplasms, and often a
variety of organelles.

Despite these data on haemocyte morphology and function in
other bivalve species, there is no comparable information for the
Akoya pearl oyster (Pinctada imbricata). P. imbricata is currently
being assessed by The Department of Industry and Investment
New South Wales (NSW DII) as the basis of a local pearl oyster
industry (O’Connor, 2003). The Akoya pearl oyster is native to
the east coast of Australia, from NSW to the northern tip of
Queensland. It is typically fished for pearls in both Japan and China
(O’Connor et al., 2003).

This study characterises P. imbricata haemocytes on the basis of
their morphology and function, particularly potential immunolog-
ical activities including the production of ROS, the presence of PO,
and phagocytosis.

2. Materials and methods

2.1. Haemolymph collection

P. imbricata were supplied by The Department of Industry and
Investment New South Wales (NSW DII), who obtained them from
Broken Bay Pearls Pty Ltd. (Tuncurry, NSW). Oysters (15 per tank)
were housed at the Sydney Institute of Marine Science (SIMS) in
45 L flow-through sea water system maintained at 22 !C. Oysters
were removed from aquaria 5 min prior to haemolymph extraction
to drain excess water from their mantle cavities. Oysters were
opened by severing the adductor muscle. Haemolymph was with-
drawn from the area surrounding pericardial cavity and adductor
muscle using 27-gauge needles fitted to 1 mL syringes.

2.2. Live cell analysis

Thirty microlitre aliquots of whole haemolymph were placed on
acid-alcohol washed slides and allowed to adhere for 20 min. The
haemocytes were then covered with glass coverslips and viewed
at high magnification (60! objective, oil immersion) with an
Olympus BH-2 microscope equipped with both epi-fluorescence
and differential interference contrast (DIC) optics. The haemocytes
were assessed on their ability to adhere to a glass slide, and the
motility of adherent haemocytes was observed. Differential hae-
mocyte counts were made to calculate the relative percentage of
different haemocyte sub-populations; twenty random fields of
view from five separate haemolymph samples were analysed.

2.3. Cytological analyses

Cytological analyses were performed by adding 30 lL of whole
haemolymph onto acid-alcohol cleaned slides. Cells were allowed
to adhere for 25 min in a humid chamber before being stained by

the following protocols. After staining, haemocytes were observed
with an Olympus BH-2 microscope equipped with both epi-fluo-
rescence and differential interference contrast (DIC) optics. All of
the reagents and buffers for cytological analysis were from Sig-
ma–Aldrich (Castle Hill, NSW), unless indicated otherwise. For
each treatment, haemolymph from seven oysters were analysed
separately.

2.4. Giemsa/May–Grünwald stain

Haemocytes were stained with Romanowsky’s Giemsa/May–
Grünwald stain, to characterise basic cellular morphology (Aladai-
leh et al., 2007). Adherent haemocytes were fixed for 20 min with
formaldehyde (4% w/v in filtered sea water, FSW). Slides were then
immersed in May–Grünwald stain for 6 min, before being counter-
stained with Giemsa for a further 30 min and washed in phosphate
buffered saline (PBS; 136 mM NaCl, 2.68 mM KCl, 10.14 mM Na2H-
PO4, 1.76 mM KH2PO4, adjusted to pH 7.5). Slides were air-dried,
mounted with Ultramount No. 7 (Fronine Laboratory Supplies, Ta-
ren Point, NSW). Under these conditions basic granules stained
blue whilst acidic granules stained pink (Chang et al., 2005).

2.5. Neutral red staining for lysosomes

Neutral red was used to further differentiate between acidic and
basic vesicles in P. imbricata haemocytes. A stock solution was pre-
pared by dissolving 20 mg of neutral red in 1 mL dimethyl sulfox-
ide (DMSO). The stock solution was then filtered through
Whatman No. 2 filter paper and diluted 1:5 in PBS (Lowe and Pipe,
1994). 20 lL of the diluted neutral red was then overlaid onto un-
fixed adherent cells for 5 min. Neutral red stained vacuoles from
red (acidic) to yellow (basic; Lowe and Pipe, 1994).

2.6. Peroxidase staining

Adherent cells were fixed with formaldehyde (4% w/v in FSW)
for 10 min before being washed in PBS and transferred to a Coplin
jar containing 5 mg/mL"1 3,30-diaminobenzidine tetrahydrochlo-
ride (DAB) and 60 mM H2O2 (7.2 pH). Haemocytes were incubated
in this solution at 37 !C for 2 h before being rinsed with PBS
(adapted from Graham and Karnovsky (1966)). Peroxidase staining
appeared as a yellow/brown precipitate in cytoplasmic granules
using bright field optics (Cima et al., 2001; Aladaileh et al., 2007).

2.7. Intracellular phenoloxidase activity

Thirty microlitres of 20 lg mL"1 lipopolysaccharide (LPS), 5 mM
hydroquinine monomethyl ether (4HA; Fluka, Buchs, Switzerland)
and 5 mM 3-methyl-2-benzothiazolinone hydrazone (MBTH) in
FSW were overlaid onto live adherent haemocytes. The cells were
stained for 25 min at room temperature before being mounted and
inspected by light microscopy (Aladaileh et al., 2007). Quinones,
the product of PO activity on polyphenol substrates, were detected
under bright field illumination as a pink/red colouration within
haemocytes (Cima et al., 2001; Aladaileh et al., 2007).

2.8. Staining for intracellular lipids

Adherent haemocytes were fixed in 4% paraformaldehyde for
30 min, before being bathed in 70% ethanol for 2 min. Sudan black
B stain was prepared by adding 25 mg of Sudan black B to 50 mL of
70% ethanol. The fixed cells were then stained with Sudan black B
for 15 min, rinsed with 70% ethanol and finally washed in distilled
water. The slides were mounted and examined under DIC for pur-
ple/black deposits associated with Sudan black deposition.

R.P. Kuchel et al. / Journal of Invertebrate Pathology 105 (2010) 36–48 37



 74 

 1624 

Author's personal copy

2.9. Detection of superoxide anions

Thirty microlitres of nitroblue tetrazolium (NTB, 1 mg mL!1 in
PBS) was spotted onto acid washed slides and incubated for 1 h
at 37 !C in a humid chamber. 20 lL of whole haemolymph was
then added to the NBT spots and allowed to stand for 30 min at
room temperature (Song and Hsieh, 1994). After staining, intracel-
lular superoxide anions (O!!

2 ) were detected as blue granules with-
in haemocytes (Song and Hsieh, 1994; Aladaileh et al., 2007).

2.10. Intracellular melanin

Adherent haemocytes were rinsed with PBS and placed in Co-
plin jars containing a Fontana–Masson silver solution at 60 !C for
one hour. This solution (Sheehan and Hrapchak, 1980) was pre-
pared by adding concentrated ammonium hydroxide to 20 mL
10% silver nitrate drop by drop until the solution turned from dark
brown to clear. After staining, cells were fixed with 5% w/v sodium
thiosulphate for 2 min and then mounted. Under bright field illu-
mination, melanin appeared within the cells as a brown precipitate
(Sheehan and Hrapchak, 1980).

2.11. Phagocytic activity

Congo red stained Saccharomyces cerevisiae (Baker’s yeast type
II), were used as target cells for phagocytosis. Two hundred and
fifty milligrams of S. cerevisiaewere suspended in 5 mL of FSW con-
taining 0.8% Congo red and autoclaved at 90 !C for 20 min. The sus-
pensions were then washed twice by centrifugation at 3000g, 4 !C
(for 5 min per wash). The final pellet was re-suspended in 10 mL
FSW and stored at !20 !C. Immediately before use, yeast were di-
luted to 5 " 10!5 mL!1 in PBS.

One hundred microlitres of diluted yeast were spotted onto
poly-L-lysine-coated glass slides and allowed to settle for 30 min.
The supernatant was then removed before 30 lL of whole haemo-
lymph was placed over the yeast and left to adhere for 25 min in a
humid chamber. The slides were then rinsed in FSW, mounted, and
examined at high magnification (1000", oil immersion) using epi-
fluorescence and DIC optics. 20 random fields of view each for five
haemolymph samples from different oysters were analysed. Phag-
ocytic activity was calculated by counting the number of granulo-
cytes and hyalinocytes that had phagocytosed one or more yeast.

2.12. Confocal microscopy

Fifty microlitres of whole haemolymph were allowed to adhere
to acid-alcohol washed slides for 25 min before being fixed with
10% w/v paraformaldehyde in FSW for 30 min. Cell membranes
were permeabilised with 0.1% w/v Triton–X (in PBS) for 5 min be-
fore the cells were stained with 5 lL of phalloidin Alexa" in 200 lL
PBS for 30 min to detect F-actin. Nuclei were counter-stained with
propidium iodide for 2 min. Haemocytes were then examined
using an Olympus Fluoview 300 confocal microscope.

2.13. Scanning electron microscopy (SEM)

Five hundred microlitre aliquots of whole haemolymph from 10
oysters were fixed with 500 lL of 8% w/v paraformaldehyde and 5%
w/v glutaraldehyde in 0.1 M 1,4 piperazinediethanesulfonic acid
(0.1 m PIPES buffer; pH 7.2 with 0.3 M sucrose) for 2 h. Cells were
then washed in PIPES buffer and post-fixed with 1% w/v osmium
tetroxide in 0.1 M PIPES buffer for 40 min, before being adhered
to acid-alcohol washed coverslips for 30 min using 0.1% w/v ethyl-
ene imine polymer solution (PEI). Adherent cells were dehydrated
in a graded ethanol series (50–100% in steps of 10%) and processed
with a critical-point dryer (Emitech K850, Kent, Ashford). Cover-

slips were then mounted on aluminum stubs and coated with gold
using a sputter coater (Emitech K550, Kent, Ashford). Samples were
examined using a JEOL 6480 LA (NSW, Frenchs Forrest) scanning
electron microscope.

2.14. Transmission electron microscopy (TEM)

Five hundred microlitre aliquots of whole haemolymph from 10
different oysters were fixed for 10 min at 4 !C in 4% w/v parafor-
maldehyde, 2.5% glutaraldehyde and 0.3 M sucrose in 0.1 M PIPES
buffer (Sigma–Aldrich, pH 7.2). Fixed cells were then centrifuged
at 400g for 10 min at room temperature and the supernatant was
aspirated. The pellets were re-suspended in fresh fixative over-
night at 4 !C. The haemocytes were then embedded in 2% w/v agar,
washed with PIPES (2 " 1 h), and post-fixed in 1% w/v osmium
tetroxide (OsO4, in 0.1 M PIPES buffer pH 7.2) for 40 min. The pel-
lets were rinsed (2 " 10 min washes in 0.1 M PIPES ph 7.2) and
submerged in 2% w/v filtered aqueous uranyl acetate for 20 min
(en bloc staining). After en bloc staining, the samples were washed
with PIPES buffer (10 min) and dehydrated through a graded etha-
nol series (50–100%). Samples were embedded in L.R. White resin
(80% polyhydroxy substituted bisphenol, a dimethacrylate resin
19.6%, C12 methacrylate ester, 0.9% benzoyl peroxide) and oven-
dried in a gelatin capsule at 70 !C for 48 h. Ultrathin sections were
cut using a Reichert Ultracut-S ultramicrotome and mounted onto
cleaned 300 copper-mesh grids. Ultrathin sections were stained
with filtered saturated uranyl acetate for 40 min and filtered Rey-
nolds lead citrate for 5 min. The sections were examined with a
Philips CM 10 transmission electron microscope.

3. Results

3.1. Light microscopy

Live cell and cytological analyses identified three haemocyte
types, granulocytes, hyalinocytes and serous cells in the haemo-
lymph of P. imbricata. These cell types were classified based on
their size, shape, nucleus:cytoplasm ratio (N:C), and presence or
absence of cytoplasmic granules, as follows.

Hyalinocytes represented 36.0% ± 2.3% (±represents standard
error of the mean) of the total haemocyte population (Fig. 1J).
Small hyalinocytes (3.0 ± 1.0 lm diameter) were round in shape
and had a large central nucleus (a high N:C ratio: Fig. 1A). When
stained with Giemsa/May–Grünwald they were eosinophilic
(Fig. 2A), and their cytoplasm was limited to a thin peripheral
layer. Medium to large hyalinocytes were characterised by the
presence of few, if any, cytoplasmic granules and varied in size
from 4 to 10 lm in suspension, and up to 35–50 lm when adhered
to slides (Fig. 1B). Staining with Giemsa/May–Grünwald showed
that medium to large hyalinocytes were eosinophilic (Fig. 2B).
The nuclei of hyalinocytes were variable in shape, being either
reniform or ovoid, with or without nucleoli. Once adhered to slides,
hyalinocytes commonly develop pseudopodia and spread on the
slide with little locomotory movement. Two distinct morphological
forms of adherent hyalinocytes were observed; those that re-
mained spherical, projecting only a few small pseudopodia, and
those that spread significantly, forming triangular to star-shaped
cell bodies.

Granulocytes were identified as large polymorphic cells pos-
sessing numerous cytoplasmic granules. They represented
62.0 ± 2.8% of the total haemocyte population (Fig. 1J), and were
between 4 and 10 lm in diameter in suspension. Adherent granu-
locytes measured up to 30 lm in diameter. Granulocytes had small
nuclei in comparison to the cytoplasm (low N:C ratio). Their nuclei
were ovoid, spherical, or eccentric. Once adhered to slides, granu-
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locytes often projected numerous long filamentous pseudopodia
(Fig. 1C–E), were highly motile and they were often observed
degranulating (Fig. 1G).

Three sub-classes of granulocytes were evident based on their
Giemsa/May–Grünwald staining characteristics, granule size and

autofluorescence. The sub-classes were; small eosinophilic granu-
locytes (Figs. 1C and 2D), with cytoplasms that were densely
packed with small (0.05–0.5 lm diameter) highly fluorescent gran-
ules: large basophilic granulocytes (Figs. 1D and 2C), which were
densely packed with large (0.5–2.5 lm diameter) moderately fluo-

Fig. 1. Differential interference contrast light micrographs of adherent haemocytes from P. imbricata (A–G) and epifluorescent micrographs illuminated at 305 nm (H–I). (A)
Small hyalinocyte, (B) large hyalinocyte, (C) small granulocyte, (D) large granulocyte, (E) combination granulocyte, (F) serous cell, (G) degranulated granulocyte, (H)
fluorescent small granulocyte, (I) fluorescent large granulocyte. (J) Mean relative percentage of the different haemocyte types in haemolymph (n = 7 ± standard error of the
mean).
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rescent granules; and ‘‘combination” granulocytes, which had a
mixture of both eosinophilic and basophilic granules (Figs. 1E
and 2E) that were either large (0.5–2.5 lm diameter) or small
(0.05–0.5 lm diameter) with variable autofluorescence emissions
when excited at (305 nm). The colour of autofluorescence in gran-
ules of the different sub-classes of granulocytes was variable. Small
granulocytes had granules that fluoresced white-yellow (Fig. 1H),
large granulocyte granules fluoresced green-yellow (Fig. 1I), whilst
the granules in combination or ‘transitional’ cells fluoresced both
white-yellow and green-yellow.

The third cell type identified was the serous cell (Fig. 1F). These
cells comprised 2.0 ± 0.9% of the total haemocyte population
(Fig. 1J), and measured between 5 and 12 lm (in diameter) in sus-
pension. Serous cells were densely packed with large, non-fluores-
cent eosinophilic granules (up to 3.5 lm diameter; Fig. 2F). In
suspension, these cells were typically spherical or ovoid in shape.
The nuclei of serous cells were rarely visible.

3.2. Cytochemistry

Neutral red staining was observed in granulocytes as either a
pink, red, red-orange, or orange-yellow colouration within vesicu-
lar compartments. Granules in small granulocytes exclusively
stained bright pink (Fig. 3F), whilst those in large granulocytes
were often red-orange (Fig. 3H). Combination granulocytes had
vesicles that stained in all of the above-mentioned colours, except
bright pink (Fig. 3G).

Peroxidase activity appeared as dark brown/pink deposits local-
ised within the perinuclear region of haemocytes (Fig. 3D). Staining
was most pronounced in small granulocytes. Both PO and melanin
activity was seen primarily in small granulocytes (Fig. 3A and E
respectively), while they appeared as localised deposits in other
granular and hyaline cells. Lipid deposits were identified by their
blue-purple colouration in the cytoplasm of both granulocytes
and hyalinocytes (Fig. 3B). Lipid deposits had either a perinuclear

or homogenous distribution throughout the cytoplasm. Superox-
ides were seen predominantly in granulocytes, and appeared in
either cytoplasmic granules, or around the perimeter of vacuoles
(Fig. 3C).

3.3. Phagocytosis

Hyalinocytes and granulocytes ingested Congo red stained yeast
(Fig. 4A–H). Granulocytes were most actively phagocytic. Fig. 4I
shows that 88.0 ± 3.9% of the haemocytes that engulfed yeast cells
were granulocytes, in comparison with hyalinocytes (11.2 ± 3.9%).
Both hyalinocytes and granulocytes were able to phagocytose large
numbers (up to 18) of yeast cells (Fig. 4B–E). They engulfed yeast
by projecting small filopodia around the target. The filapodial arms
containing the engulfed yeast cell then retracted into the cell body
(Fig. 4H).

After about 40 min of co-incubation with haemocytes some in-
gested yeast exhibited a colour change (observed under epi-fluo-
rescence microscopy) from orange-red to purple-blue around the
periphery of the phagosome (Fig. 4F). A number of hyalinocytes
that had ingested yeast were also found to have autofluorescent
vacuoles when exposed to UV light (Fig. 4G).

3.4. SEM

Three morphologically distinct cell types were identified by
SEM. These were; small spherical cells (most likely small hyalino-
cytes), with shallow surface indentations and fine protruding lobes
(Fig. 5A); cells with large continuous pseudopodial extensions giv-
ing the cell a cabbage-like appearance (most likely hyalinocytes;
Fig. 5B); and cells with numerous fine filopodia projecting from a
rounded cell body (most likely granulocytes; Fig. 5C and D). Their
filopodial extensions were often lumpy in appearance with spher-
ical protrusions at their termini.

Fig. 2. Light micrographs of fixed haemocytes from P. imbricata stained with Giemsa/May–Grünwald. (A) Small eosinophilic hyalinocyte, (B) eosinophilic hyalinocyte, (C)
large basophilic granulocyte, (D) small eosinophilic granulocyte, (E) combination granulocyte, and (F) serous cell.
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3.5. Fluorescence confocal microscopy

Fluorescence confocal microscopy showed that polymerisation
of F-actin was closely associated with pseudopodium formation
and was characteristic of particular cell types. F-actin fluorescent
staining was most pronounced at the tips of pseudopodia and
the periphery of haemocytes. Pseudopodia were seen as bright
green F-actin-positive extensions from the cell body. Small hyali-
nocytes had many fine F-actin-stained filopodia radiating from
the central body of the cell (Fig. 5E). F-actin-positive pseudopodia
of medium to large hyalinocytes appeared as thick extensions,
which often bifurcated into fine lamellipodia (Fig. 5F). Small gran-
ulocytes tended to have many F-actin-positive filopodia extending
from the body of the cell (Fig. 5G). In contrast, large granulocytes
had many small F-actin-positive stained nodes or focal adhesions
around the periphery of the cell (Fig. 5H).

3.6. TEM

3.6.1. Hyalinocytes
TEM identified three distinct cell types that were comparable to

those observed by light microscopy (hyalinocytes, granulocytes
and serous cells). In TEM, small hyalinocytes were round or oval,

and were the smallest class of haemocytes (Fig. 6A). As in light
microscopy, they were characterised as having single large nuclei
and scanty cytoplasm. Within the nuclei, the chromatin was often
dispersed and organised in small clumps located away from the
nuclear membrane. These cells exhibited a well-developed rough
endoplasmic reticulum with free ribosomes and were often packed
with mitochondria.

Larger more developed hyalinocytes varied significantly in mor-
phology based on size and organelle complexity (Fig. 6B–D). Med-
ium-sized hyalinocytes (5–6 lm in diameter; Fig. 6B) had a dense
cytoplasm containing numerous mitochondria (Fig. 6E). Their nu-
cleus to cytoplasm ratio was generally greater than that of small
hyalinocytes and they had round to ovoid shaped nuclei containing
highly condensed chromatin. These cells exhibited conspicuous
rough endoplasmic reticulum and some vacuoles, and they had
the ability to develop filopodia.

Large hyalinocytes (6–8 lm in diameter; Fig. 6C) often had
polymorphic or lobed nuclei. These cells exhibited a well-devel-
oped Golgi apparatus with secretory vesicles, abundant mitochon-
dria and partially condensed chromatin.

The largest form of hyalinocyte (Fig. 6D) had small eccentric nu-
clei with compact, condensed chromatin assemblages. These cells
also contained some electron-dense granules.

Fig. 3. Differential interference contrast (A–D) and conventional light micrographs (E–H) of P. imbricata haemocytes showing cytoplasmic localisation of: (A) phenoloxidase,
(B) lipid, (C) superoxide, (D) peroxidase, (E) melanin, and (F–H) neutral red in: (F) small granulocyte, (G) combination granulocyte, (H) large granulocyte.
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3.6.2. Granulocytes
Three distinct types of granulocytes were observed, based on

their granularity and size. Some granulocytes (Fig. 7A) had a large
central ovoid nucleus with small-dispersed chromatin assem-
blages. These cells could be distinguished by the presence of mem-
brane-bound granules enclosing fine granular material (Fig. 9A, B
and F), as well as numerous mitochondria and small vacuoles.

The second type of granulocytes were small-to-medium in size
(5–6 lm in diameter) and were characterised by the presence of
numerous (up to 150 granules per cell) electron-dense granules
in the cytoplasm (Fig. 7B; Fig. 9G–H). Mitochondria in these gran-
ulocytes were sparse, and their nuclei were often offset and ovoid,
with moderately condensed chromatin. Vacuoles were abundant
throughout these cells.

Fig. 4. Differential interference contrast (A–E and H) and epifluorescent micrographs (F–G) of P. imbricata haemocytes ingesting yeast. (A) Small hyalinocyte with one
engulfed yeast cell, (B) large hyalinocyte with five engulfed yeast cells, (C) small granulocyte with three engulfed yeast cells, (D) large granulocyte with two engulfed yeast
cells, (E) combination granulocyte with one engulfed yeast cell, (F) engulfed yeast cells, (G) fluorescent vacuole under UV light, (H) hyalinocyte extending a pseudopodium
around a yeast cell, and (I) relative frequency (%) of phagocytic haemocytes in haemolymph.
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The third granulocyte sub-type had many electron-lucent mem-
brane-bound granules (Figs. 7C, D and 9D, F). These granules sur-
rounded the nucleus, which was ovoid in shape. The cytoplasm
contained few mitochondria and vacuoles, whilst rough endoplas-
mic reticulum was often very conspicuous.

All of the granulocyte sub-types possessed well-defined Golgi
apparatuses (Fig. 7E–F), that were often associated with secretory
vesicles and digestive lamellae.

3.6.3. Serous cells
Serous cells ranged in size (9–13 lm in diameter), granule den-

sity, and granule abundance (Fig. 8A and B). Some serous cells had
a single large electron-lucent granule (Fig. 8A). Other serous cells
had more numerous granules, which appeared less electron dense
to serous cells that had a single granule (Fig. 8B).

4. Discussion

The haemocytes of bivalve molluscs have been studied exten-
sively. However, their classification has been the subject of confu-
sion and debate. Cheng (1984) reviewed the existing classifications
to reach a consensus. He defined three main haemocyte types: un-

differentiated cells, hyalinocytes, and granulocytes (Cheng, 1984).
In the current study, haemolymph from P. imbricata was found to
be comprised of these two major cell types, and a third, less com-
mon form, the serous cell.

Despite their suspected origin from un-differentiated cells, the
developmental pathways of granulocytes and mature hyalinocytes
remain unclear. A model proposed by Mix (1976) suggests that
hyalinocytes are a precursor to granulocytes. In this context,
Wen et al. (1994) suggested that the extensive presence of Golgi
apparatuses are associated with cellular differentiation, which re-
sults from the progressive formation of membrane-bound gran-
ules. In the current study, Golgi apparatuses were seen in both of
the major cell types, but not serous cells. Hence, the simple pres-
ence or absence of Golgi apparatuses may not reflect the develop-
mental state of P. imbricata haemocytes.

Three distinct sub-classes of granulocytes could be identified in
the haemolymph of P. imbricata based on granule size and electron
density. These three sub-types were; small granulocytes, large
granulocytes, and combination granulocytes. Studies examining
haemocyte function in Mytilus galloprovincialis identified similar
diversity among granulocytes (Cajaraville and Pal, 1995). Cajara-
ville and Pal (1995) proposed that variation in granule size and

Fig. 5. Scanning electron micrographs (A–D) and fluorescent confocal micrographs (E–H) of P. imbricata haemocytes. (A) Small hyalinocyte, (B) large hyalinocyte, (C) small
granulocyte, (D) large granulocyte, (E) small hyalinocyte, (F) large hyalinocyte, (G) small granulocyte, and (H) large granulocyte. N, nucleus; F, filopodia; P, pseudopodia.
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abundance may be a function of cellular differentiation and matu-
ration. However, there is no direct evidence to support this
contention.

Differential affinities of granules to Giemsa/May–Grünwald
stain have also been suggested as markers of haemocyte differen-
tiation (Cheng, 1981). In the current study, granulocytes were dis-
tinguished as either eosinophilic, basophilic, or had both acidic and
basic granules. According to Cheng’s scheme, younger smaller
granulocytes contain basophilic granules, while mature large gran-
ulocytes are acidic (Cima et al., 2000). However, in the peppery fur-
row shell, Scrobicularia plana, Wootton and Pipe (2003) attributed
differential staining to cell function, as well as progressive devel-
opmental state, and some bivalves, such as Tricdacna crocea and
Perna perna, do not contain basophilic granulocytes (Nakayama
et al., 1997; Barracco et al., 1999). Similarly, in P. imbricata, it ap-
pears that the granule types within different granulocyte sub-pop-
ulations differ from other bivalves. Small granulocytes tended to
contain acidic granules, while larger granulocytes had either acidic
and basic granules, or were exclusively basic.

TEM confirmed that granulocyte sub-populations contain dif-
ferent types of granules. Dark electron-dense granules occurred
predominantly within small granulocytes, while the granules of
large granulocytes were often electron-lucent. Based on ultrastruc-
ture, these electron-lucent granules resemble those identified in
other oyster species as basophilic granules (Chang et al., 2005).

In addition to granularity, the cell types identified in the current
study also differed in their cellular projections and capacity for
amoeboid movement. Observations using light microscopy dem-
onstrated motile behaviour to be related to the occurrence of cyto-
plasmic granules. Granulocyte locomotion was amoeboid and
directional, whilst hyalinocytes often adhered to a substrate and
spread multidirectionally. Therefore, hyalinocytes appeared to be
less mobile than granulocytes.

Despite different levels of adhesiveness and mobility, both of
the major cell types in P. imbricata had the ability to engulf foreign
material. Granulocytes were found to be the most phagocytically
active. These results compliment those found in a number of other
marine bivalves including S. glomerata and Mercenaria mercenaria

Fig. 6. Transmission electron micrographs of hyalinocytes in P. imbricata haemolymph. (A) Small hyalinocyte, (B) medium hyalinocyte, (C) large hyalinocyte, (D) large mature
hyalinocyte, and (E) bundle of mitochondria. N, nucleus; M, mitochondria; ER, endoplasmic reticulum; F, filopodia; V, vacuole; GA, Golgi apparatus.
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Fig. 7. Transmission electron micrographs of P. imbricata granulocytes. (A) Granulocyte with both electron-dense (EDG) and electron-lucent granules (ELG), (B) granulocyte
with small EDG’s and numerous vacuoles (VAC), (C) granulocyte with ELG’s, (D) granulocyte with medium electron density granules, (E) granulocyte with digestive lamellae
(DL), and (F) Golgi apparatus (GA) in a granulocyte. N, nucleus; M, mitochondria; ER, endoplasmic reticulum; GR, granule; SV, secretory vesicles; RB, residual body.

Fig. 8. Transmission electron micrographs of serous cells from P. imbricata. (A) Serous cell with a single large segmented granule and (B) serous cell with multiple granules.
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(Moore and Eble, 1977; Aladaileh et al., 2007). However, other
studies have demonstrated that certain cell types preferentially
phagocytose different target cells. For example, granulocytes in
Crassostrea gigas engulf more yeast and bacteria than hyalinocytes,
while hyalinocytes phagocytose more latex beads (Terahara et al.,
2006).

In the current study, the polymerisation of actin in both granu-
locytes and hyalinocytes was often localised around the perimeter
of the cell, where pseudopodia developed. Large granulocytes often
appeared to have focal adhesions on the cells surface whilst small
granulocytes were observed projecting multiple actin-rich filopo-
dia from a spherical cell body. These filopodia often appeared to
have terminal swellings. A similar morphology is reported by
Cheng et al. (1979) and Morona and Mingyi (1989), who concluded
that the swellings were associated with the exocytosis of lyso-
somes (Mohandas et al., 1985).

Lysosomes promote the formation of an acidic environment,
which alters metabolic processes of ingested microbes (McDade
and Tripp, 1967; Cheng, 1993). In our study, lysosomal activity
was indicated by a colour change in the pH-sensitive Azo dye, Con-
go red. In many cases, distinct colour changes from red to blue
were detected around the periphery of yeast engulfed by haemo-
cytes for >45 min. This suggests that lysosomal contents had been
deposited into the phagosomes of P. imbricata. Similarly, some
granular contents within both granulocytes and hyalinocytes were
found to be acidic in nature, as identified by the accumulation of
neutral red.

Ultrastructural studies with TEM also identified granules with
morphologies similar to both primary and secondary lysosomes,
as well as residual bodies, in granulocytes. These structures were
identified as being membrane-delimited with complex granular
contents. In other ultrastructural studies, Cheng and Foley (1975)
correlated the appearance of digestive lamellae with intracellular
digestion through primary and secondary phagosome formation.
Concentric structures with similar structure to digestive lamella
were observed in granulocytes of P. imbricata.

There was also evidence that the granules of haemocytes are
well equipped with intracellular antimicrobial killing systems.
Superoxide formation and peroxidase activity were evident in
small granulocytes and hyalinocytes, with the former detected
around the perimeter of large vacuoles. Superoxide generation
has also been reported in haemocytes from a number of other bi-
valve species, including Mytilus edulis, Cerastoderma edule, and En-
sis siliqua (Wootton et al., 2003).

PO was also evident in cytoplasmic granules of P. imbricata. In
other species, PO is known to adhere to the surface of foreign par-
ticles forming aggregates (Ling and Yu, 2005). The enzymatic end
product of the PO pathway, melanin, retards the growth of mi-
crobes (Cerenius and Söderhall, 2004). PO activity has been impli-
cated with intracellular phagolysosomal processes in S. glomerata
(Aladaileh et al., 2007), M. edulis (Renwrantz et al., 1996), M. gallo-
provincialis (Carballal et al., 1997), and Scapharca inaequivalvis
(Holden et al., 1994). Both PO and melanin were identified in P.
imbricata haemocytes and were often associated with small granu-

Fig. 9. Transmission electron micrographs of different types of granules (A–H) found in P. imbricata haemocytes.
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locytes, even though some larger granulocytes and hyalinocytes
displayed localised deposits.

There is a limited literature describing serous cells in bivalves
(Haigler, 1964). These cells are thought to function in either waste
sequestration or as storage compartments. In Tapes philippinarum it
was hypothesised that serous cells are probably produced in Ke-
ber’s gland, a pericardial organ that is part of the excretory system
(Cheng, 1981; Cima et al., 2000). The globules within serous cells
appear to have a complex chemical composition. In 1964, Haigler
described their contents to be similar to that of lipofuscin, whilst
Cheng and Burton (1966) found them to contain mucoprotein, gly-
coprotein, glycolipid and acid mucopolysaccharides. In the current
study, serous cells were characterised by the presence of large yel-
low-brown globules of pigment, which often concealed the nucleus
(Nakayama et al., 1997). They were also found to be acidic, as re-
flected by Giemsa/May–Grünwald and neutral red staining. It is
unclear whether serous cells perform any direct immunological
function in P. imbricata, as they did not stain for defensive enzymes
or products, such as PO, peroxidase, melanin or superoxide, and did
not undertake phagocytosis.

In summary, based on morphological and cytochemical analy-
ses, P. imbricata haemolymph was found to be composed of hyali-
nocytes (large and small), granulocytes and large globular serous
cells when oysters were housed in controlled conditions. Haemo-
cyte density, cytochemistry and morphology may vary depending
upon environmental condition and associated seasonal fluctua-
tions. This population of haemocytes is generally consistent with
that of other bivalve species. The involvement of haemocytes in
immunological defence was demonstrated by the expression of
defensive enzymes and enzymatic end products. This reactivity
implicates granulocytes and to a lesser extent hyalinocytes, with
immune responses.
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Preface 1677 

After identifying the immunological function of P. imbricata haemocytes, the 1678 

next aim of this thesis was to investigate the effect of common environmental 1679 

stressors on defensive haemocyte populations. The Akoya pearl oyster is typically 1680 

farmed throughout Australia in estuarine conditions at the southernmost extent of the 1681 

species’ range. For this reason, Chapter Three focuses on the effects of hypo-salinity, 1682 

exposure to air, and mechanical agitation (a typical stressor associated with husbandry 1683 

and handling) on P. imbricata haemocytes. We found that all three stressors 1684 

significantly inhibited both phenoloxidase activity and phagocytosis. Other 1685 

parameters such as total haemolymph protein content, total haemocyte counts, acid 1686 

phosphatase activity and granulocyte abundance were found to be affected by stress. 1687 

However, these responses varied depending upon the stressor applied.  1688 
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a b s t r a c t

This study assessed the effects of mechanical agitation, hypo-saline conditions, and exposure to the air on
the Akoya pearl oyster, Pinctada imbricata, focusing specifically on the immunological activity of hae-
mocytes. Both phagocytosis and phenoloxidase activity decreased significantly when oysters were
exposed to all three stressors. Transient decreases were also evident in total haemocyte counts after
mechanical stress and exposure to air, while significant increases in total haemocyte counts were evident
after exposure to low salinity. Acid phosphatase activity increased significantly when oysters were
exposed to air. The frequency of granulocytes in the haemolymph increased significantly when oysters
were stressed by hypo-saline conditions, whilst the relative frequency of granulocytes did not differ
significantly after mechanical agitation or exposure to air. The total protein content of haemolymph
increased significantly when oysters were stressed by mechanical agitation and low salinity. These
results suggest that fluctuations in environmental conditions affect circulating haemocytes and their
cytochemistry, and that the different immunological parameters tested were influenced uniquely
according to the type of stressor.

Crown Copyright ! 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The successful cultivation of any marine organism is dependent
upon a stable relationship with their environment. Fluctuations in
environmental conditions can significantly affect homeostasis and
lead to physiological stress [38]. Typical stressors associated with
aquaculture include hypo- and hyper-thermia, declines in dissolved
oxygen content (hypoxia), mechanical agitation, fluctuations in
salinity and exposure to air resulting in desiccation and anoxia
[4,7,8,16,17]. Many of these stressors have been shown to compro-
mise immune function [27]. A number of studies have demon-
strated that extended periods of stress can lead to
immunosuppression, which can result in opportunistic infections
[12,15,33].

Until recently, the Akoya pearl oyster formed the basis of
a highly lucrative pearling industry in Japan. Between 1993 and

1996, productivity declined significantly from 118 000 kg to
63 000 kg [28]. It was postulated that a combination of factors
facilitated the proliferation of disease, including environmental
fluctuations and overcrowding [35]. Due to these declines in the
Akoya market, Australian companies, in conjunction with Japanese
investors, are developing an Akoya pearling industry in Port Ste-
phens, NSW, Australia [28]. In order to develop a successful
industry, it is imperative to discern optimal farming conditions, as
well as those that may compromise productivity. For this reason,
our study will focus on the physiological implications of environ-
mental stress on Pinctada imbricata, specifically investigating key
immunological parameters.

In marine bivalves, immunological defence is based on innate
responses that are mediated by both cellular and humoral factors
[32]. Cellular defence includes haemocyte-mediated responses
such as coagulation, encapsulation, phagocytosis, phagolysosomal
activity and the production of reactive oxygen species (ROS;
superoxide anion, hydrogen peroxide and hydroxyl radical [2,6,30].

Granulocytes and hyalinocytes represent the two main types of
immunocompetent haemocytes in oysters [34]. Granulocytes are
highly defensive haemocytes containing hydrolytic enzymes that
assist in the intracellular killing of pathogens and represent the
cellular aspect of internal defence [2]. Contrasting to this, hyali-
nocytes contain few to no cytoplasmic granules and are said to have
a “silky” appearance [20,39]. For this reason, granulocytes are

Abbreviations: two-way ANOVA, two-way analyses of variance; DIC, differential
interference microscopy; FSW, filtered seawater; MBTH, 3-methyl-2-benzothiazo-
line hydrozone; NSW DPI, New South Wales Department of Primary Industries; PO,
phenoloxidase; PBS, phosphate buffered saline; ROS, reactive oxygen species; SEM,
standard error of the mean; TEM, transmission electron microscope; THC, total
haemocyte counts; 4-HA, hydroquinine monomethyl ether.
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considered to be more immunologically active than hyalinocytes
[2].

Oysters are filter feeders and represent a class of marine inver-
tebrates which are osmo- and thermo-conformers [40]. Although the
ocean is relatively stable, coastline and estuarine waters do vary in
both temperature and salinity. This dependence on their external
environment makes oysters highly vulnerable to these environ-
mentalfluctuations,which can result inphysiological stress [4,7,8,17].
Recent studies have shown that hypo-saline conditions (25 ! 1 ppt)
decrease haemocyte abundance in the mussel Mytilus gallopro-
vincialis [26], and inhibit the activity of intracellular phenoloxidase in
Sydney rock oysters, Saccostrea glomerata (S. glomerata; [7]. High
water temperatures (23e27 "C) have also been shown to inhibit
haemocyte locomotion and adhesion in the eastern oyster Crassos-
trea virginica (C. virginica; [18] as well as resulting in a decrease in
haemocyte abundance and phagocytic activity in the clam Ruditapes
philippinarum [3,17,40]).

Fluctuations in ambient water temperature and salinity have not
only been shown to compromise immunological activity but they
have also been implicated with increased parasite/pathogen loads
by creating a more suitable environment for their survival and
reproduction [27]. In 1982, Haskin et al. investigated the density
gradient of the pathogen Haplosporidium nelsoni (MSX disease) in
Delaware Bay (USA). They found disease proliferation to be directly
correlated with salinity [19]. At low salinities (9e18 ppt) the
parasite was found to enter C. virginica, but its development was
severely retarded [19]. Similar studies by Butt et al. [7] showed that
salinity significantly affects the presence and infection rates of S.
glomerata with Marteilia sydneyi (QX disease). Increased infection
was correlated with a decrease in the defensive enzyme pheno-
loxidase, associated with a decline in salinity [7].

The current study examines the effects of low salinity,
mechanical agitation and exposure to air on the haemocytes of the
Akoya pearl oyster, P. imbricata. These stressors were selected as
typical perturbations experienced by pearl oysters farmed for
aquaculture.

2. Materials and methods

2.1. Animals

Adult P. imbricata (50e80 mm in dorso-ventral height) were
suppliedbyPort StephensFisheriesCenter,NewSouthWales (32"440S,
152"080E). Oysters were housed at the Sydney Institute of Marine
Science (SIMS) and acclimatised for at least 14 days in temperature-
controlled (22 "C, 45 L) flow through aquaria. The oysters were fed
every two days with M-1 diet (Aquasonic Pty Ltd, Wauchope, NSW).

2.2. Experimental design

Three different types of environmental stressors were tested;
low salinity (25 ppt), mechanical agitation (10 min, 300 rpm) and
exposure to air (2 h periods every 24 h). To test the effects of altered
salinity, oysters were transferred to closed aquaria containing
seawater from Sydney harbour that had been diluted to 25 ppt with
Milli-Q water for the duration of the experiment. Salinity was
measured using a TPS WP-81 water quality meter (Enviroequip,
Brisbane, Australia). Hypo-saline conditions chosen for exposure
were based upon fluctuations recorded in the Port Stephens region
(Wayne O’Connor pers. com.). Mechanical stress was simulated by
placing oysters on a MS1 Minishaker (Crown, Scientific, NSW,
Australia) and agitating them for 10 min at 300 rpm every 24 h.
Once the oysters had undergone mechanical agitation they were
returned to the tanks. In order to test air exposure treatment
oysterswere removed from the aquaria and placed on the lab bench

every 24 h for 2 h. After the oysters were stressed, they were
returned to the tanks. A total of 6 tanks housed 12 oysters each,
three control tanks (36 oysters in total) and 3 treatment tanks (36
oysters in total; see diagram below). For each time point (0, 24, 72 &
120 h) three oysters were randomly selected from each of the three
tanks corresponding to the treatment, totalling 9 oysters per time
point for both control and for treatment. Partial water changes (50%
or 25 L) were performed on closed tanks every 24 h. This experi-
mental design was replicated for each stressor tested.

2.3. Sampling

Groupsof 9 oysters (N¼ 9) from treatment and control tankswere
removed from the aquaria 0, 24, 72 and 120 h after the beginning of
each experiment (totaling 72 oysters). They were placed on absor-
bent towel for 10minprior to haemolymphextraction to drain excess
water from their mantle cavities. Haemolymph was extracted from
each oyster by rupturing the pericardial cavity located near the
adductor muscle using a 27-gauge needle fitted to a 1-mL syringe.
Whole haemolymph was immediately transferred to 1.5 mL micro-
centrifuge tubes and held on ice before being stored at $80 "C.
Haemolymph samples used to examine phagocytosis were overlaid
onto acidealcohol washed slides with adherent yeast. Cells collected
for total and differential haemocyte counts were fixed in 4%
paraformaldehyde.

2.4. Differential haemocyte counts

In order to differentiate between P. imbricata blood cells, hae-
mocytes were stained with the Romanowsky stain, Giemsa/May-
Grünwald [2]. Thirtymicrolitres of whole haemolymphwas spotted
onto acidealcohol cleaned slides. Cells were allowed to adhere for
25 min in a humid chamber. After adhesion, samples were fixed for
20 min with paraformaldehyde (4% w/v in FSW; SigmaeAldrich,
Castle Hill, NSW). The slides were then immersed inMay-Grünwald
stain for 6 min. The cells were counterstained with Giemsa for
a further 30 min and subsequently washed in Phosphate Buffered
Saline (PBS; 136 mM NaCl, 2.68 mM KCl, 10.14 mM Na2HPO4,
1.76 mM KH2PO4, adjusted to pH 7.5). Slides were air-dried and
mounted with Ultramount No. 7 (Fronine Laboratory Supplies,
Taren Point, NSW) and examined using Olympus BH-2 microscope.
One hundred haemocytes were counted per oyster and classified as
either granulocytes or hyalinocytes by the scheme of Cheng [10,11].
Although both hyalinocyte and granulocyte abundance were
assessed, we have only presented data relating to granulocyte
abundance as they play a more significant role in host defence [20].

2.5. Phagocytosis assay

Congo-red-stained yeast (Saccharomyces cerevisiae; Sigmae
Aldrich), were used as target cells to test the phagocytic capacity of
haemocytes. Two hundred and 50 mg of yeast in 5 ml FSW were
mixed with 5 ml 0.8% Congo red prepared in FSW. The yeast
were then autoclaved at 90 "C for 20 min. The suspensions were
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centrifuged andwashed twice at in FSW3000!g, 4 "C, for 5min. The
final pellet was re-suspended in 10 mL FSW and stored at #20 "C.

Fifty microlitres of yeast (diluted to 5.5!106 mL#1 in FSW)were
dotted onto poly-L-lysine-coated coverslips at room temperature
(25 "C) in a moist chamber and allowed to settle for 10 min. The
supernatant was extracted and 20 mL of whole haemolymph was
pippetted onto the yeast and allowed to stand for a further 20 min.
The slides were then viewed at high magnification (60! objective,
oil immersion) with an Olympus BH-2 light microscope. The
number of yeast ingested per haemocyte for one hundred haemo-
cytes was recorded. The phagocytic index (PI) was calculated as the
average number of yeast engulfed per haemocyte.

PI ¼ total number of yeast engulfed=100

2.6. Total haemocyte counts

Fifty microlitres of whole haemolymph was fixed with 50 mL
paraformaldehyde (4% w/v in filtered seawater; FSW). Ten micro-
litre aliquots of fixed haemocytes were pipetted onto an Improved
Neubauer haemocytometer (SigmaeAldrich, Castle Hill, NSW) for
examination with a 60! objective (oil immersion). Cells were then
counted to estimate the number of cells per mL.

2.7. Total protein content of haemolymph

Total protein content was determined using a Bio-Rad Bradford
proteinassaykit.Haemocyte lysateswerepreparedbyfreezeethawing
whole haemolymph at #80 "C. After thawing the samples, they were
then centrifuged at 12000 rpm for 5 min. The supernatant was then
extracted and the total protein concentrations of 50 mL aliquots were
measured in triplicate per sample. Protein content was interpolated
from a standard curve generated with bovine serum albumin (BSA;
Bio-Rad).

2.8. Acid phosphatase assays

Acid phosphatase activity was measured using p-nitro-
phenylphosphate (pNPP; SigmaeAldrich) as a chromogenic
substrate (adapted from [7]. Eighty microlitres of haemolymph
lysates were mixed with 120 mL of pNPP substrate (2.5 mg/mL in
Milli-Q) in triplicate in the wells of a 96-well microtitre plate (3
replicate wells per sample). The plates were incubated for 1 h at
25 "C. Fifty microlites of NaOH (0.05 M) was added to each well
before absorbance was measured at 405 nm. Samples were blanked
against wells containing filtered seawater samples. The final
concentrations of acid phosphatase were calculated from a stan-
dard curve generated using a pNPP standard [7].

2.9. PO assays

Whole haemolymph was freeze-thawed once (#80 "C/room
temperature) to rupture haemocytes. The haemolymph was then
centrifuged at 600!g at 4 "C for 10 min to remove cellular debris.
Phenoloxidase (PO) assays were performed in 96-well flat-bottomed
microtiter plates according to Peters and Raftos [29] (Sarstadt, Tech-
nology Park, SA). One hundred microlitres of lysate were added per
well in triplicates for each sample followed by the addition of
hydroquinine monomethyl ether (5 mM in FSW; SigmaeAldrich,
Castle Hill, Australia) containing 1 mM 3-methyl-2-benzothiazoline
hydrazone (SigmaeAldrich). The absorbancewasmeasured at 490nm
immediately after the additionof the substrates using aBio-Radmodel
550-microplate spectrophotometer (Bio-Rad, Regents Park, NSW,
Australia). A second reading was taken after 1 h of incubation at

room temperature. Phenoloxidase activity was calculated by sub-
tracting the initial reading (0 h) from the measurements made at
60 min. Specific enzyme activities are expressed as the change in
optical density at 490 nm per microgram of protein.

PO ¼ ðoptical density at 60 min# optical density at 0 hÞ=
Protein per mg

2.10. Numerical/statistical analyses

Fold difference is the comparison between control and treat-
ment values. The values calculated represent a ratio relative to the
control, where a value of 100% indicates that there is no difference
between treatments and control. Fold difference was calculated for
all treatments as follows:

Fold difference % ¼ ððstress# controlÞ=
control standard deviationÞ ! 100

Statistical analyses were performed on normalized data. Two-
way analysis of variance (ANOVA) followed by Post-Hoc multiple
comparisons using the statistical program SPSS ver. 14.0 (SPSS Inc.
II, USA, 2006) were used to analyze the difference between the
control and treatment. Individual students t-tests were then carried
out to discern significant differences between individual time
points. Results were considered significant when P < 0.05.

3. Results

3.1. Differential haemocyte counts

3.1.1. Differential haemocyte counts; between treatments (ANOVA)
Granulocyte numbers changed over time when exposed to low

salinity (F ¼ 2.83, df¼ 1, p¼ 0.010). Granulocyte abundance did not
differ significantly from control values in either mechanically
stressed or air-exposed oysters.

3.1.2. Differential haemocyte counts; between time points (T-tests)
After 24 h, the relative frequency of granulocytes in low salinity

stressed oysters was 18% higher than those in control oysters
(Fig. 1A; T-value ¼ #4.43, df ¼ 12, p ¼ 0.001), whilst the overall
frequency in mechanically agitated oysters decreased but not
significantly. Granulocyte numbers in air-exposed oysters did not
vary from control values between 24 and 72 h. At 72 h granulocyte
numbers remained elevated in low saline exposed oysters and
increased from values at 24 h in mechanically stressed animals. At
120 h granulocyte counts for low saline stressed oysters returned to
near pre-treatment counts, whilst air-exposed granulocyte counts
increased, but not significantly. Granulocyte abundance decreased
by 24.1% in mechanically stressed oysters at 120 h.

3.2. Phagocytosis

3.2.1. Phagocytosis; between treatments (ANOVA)
Phagocytosis was significantly inhibited by all three stressors

when compared to control values (air exposure: F ¼ 21.91, df ¼ 1,
p ¼ 0.000; mechanical stress: F ¼ 8.01, df ¼ 1, p ¼ 0.006; low
salinity: F ¼ 25.75 df ¼ 1, p ¼ 0.000).

3.2.2. Phagocytosis; between time points (T-tests)
Phagocytosis declinedmost significantly for all three stressors at

24 h (Fig. 1B; air exposure: T-value ¼ 4.79, df ¼ 10, p ¼ 0.001;
mechanical stress: T-value ¼ 3.45, df ¼ 16, p ¼ 0.003; low salinity:
T-value ¼ 4.27 df ¼ 12, p ¼ 0.001). At 72 h phagocytic activity
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recovered near to control levels for both air exposure and
mechanical stress, however, phagocytosis in low saline stressed
oysters was still significantly inhibited (T-value ¼ 2.72, df ¼ 12,
p ¼ 0.019). Phagocytosis declined again in all three stressors at
120 h (air exposure: T-value ¼ 5.74, df ¼ 10, p ¼ 0.000; mechanical
stress: T-value¼ 2.19, df¼ 16, p¼ 0.044; low salinity: T-value¼ 4.12
df ¼ 12, p ¼ 0.001).

3.3. Total haemocyte counts

3.3.1. Total haemocyte counts; between treatments (ANOVA)
There was no significant difference in total haemocyte counts

(THC) between control and treatment values for air exposure, low
salinity and mechanical stress.

3.3.2. Total haemocyte counts; between time points (T-tests)
After 72 h, THC in mechanically stressed oysters declined 13%,

whilst THC in air-exposed animals decreased by more than half
(Fig. 2A). In oysters stressed by low salinity, THC’s declined within
24 h, however, at 72 h the THC was 3-fold greater (T-value ¼ "2.99,
df ¼ 16, p < 0.009). Total haemocyte counts for all three treatments
returned to control levels within 120 h.

3.4. Total protein

3.4.1. Total protein; between treatments (ANOVA)
Mechanical stress and low salinity resulted a significant increase

in total protein (mechanical stress: F ¼ 6.01, df ¼ 1, p ¼ 0.017; low
salinity: F ¼ 4.29, df ¼ 1, p ¼ 0.043). Total protein did not vary
significantly in oysters stressed by air exposure.

3.4.2. Total protein; between time points (T-tests)
At 24 h, total protein concentration increased by 6% in low saline

stressed oysters, 3% in mechanically stressed oysters and 1% in air-
exposed oysters (Fig. 2B). At 72 h protein levels decreased in oysters
stressed by air exposure and low salinity in comparison to values at
24 h. Contrasting to this, mechanical agitation led to significant
increases in total protein (T-value ¼ "2.50, df ¼ 14, p ¼ 0.025).
Protein concentrations returned to near control levels for both air
exposure and mechanical agitation at 120 h, whilst it remained
significantly elevated in low saline conditions (low salinity:
T-value ¼ "2.50, df ¼ 13, p ¼ 0.026).

3.5. Acid phosphatase activity

3.5.1. Acid phosphatase activity; between treatments (ANOVA)
Acid phosphatase activity did not differ significantly when

oysters exposed to low salinity or mechanical agitation. Contrasting
to this acid phosphatase activity increased significantly in oysters
stressed by air exposure (F ¼ 16.75, df ¼ 1, p ¼ 0.000).

3.5.2. Acid phosphatase activity; between time points (T-tests)
At 24 h acid phosphatase activity decreased 11% in low saline

conditions, in comparison to air-exposed oysters which increased
7% (Fig. 3A; low salinity: T-value ¼ 2.96, df ¼ 12, p ¼ 0.012; air
exposure T-value ¼"3.75, df ¼ 12, p¼ 0.003). At 72 h mechanically
agitated and low saline stressed haemocytes increased in acid
phosphatase activity, whilst air-exposed haemocytes decreased. At
120 h, acid phosphatase activity decreased significantly in low

A

B

Fig. 1. Fold difference is the ratio between treatment and control values. The graphed
values represent how the treatment varies against the control. (A) fold difference in
granulocyte abundance (B) fold difference in phagocytosis. * denotes a significant
difference between treatment and control values for that time point (p-value # 0.05).
Error bars represent standard error of the mean.

A

B

Fig. 2. Fold difference is the ratio between treatment and control values. The graphed
values represent how the treatment varies against the control. (A) fold difference in
total haemocyte counts. (B) fold difference in total protein concentration of whole
haemolymph from stressed oysters. * denotes a significant difference between treat-
ment and control values for that time point (p-value # 0.05). Error bars represent
standard error of the mean.
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salinity stressed oysters, whilst it increased significantly in air-
exposed oysters (low salinity: T-value¼ 2.53, df¼ 12, p¼ 0.026; air
exposure: T-value ¼ "3.06, df ¼ 12, p ¼ 0.010). Acid phosphatase
activity returned to near control levels at 120 h in mechanically
stressed oysters.

3.6. PO activity

3.6.1. PO activity; between treatments (ANOVA)
PO activity decreased significantly in all three treatments

(mechanical stress: F ¼ 5.09, df ¼ 1, p ¼ 0.028; low salinity:
F¼ 11.32, df¼ 1, p¼ 0.002; air exposure: F¼ 8.63, df¼ 1, p¼ 0.005).

3.6.2. PO activity; between time points (T-tests)
After 24 h PO activity declined for all three stressors, however,

exposure to air resulted in significant decreases (Fig. 3B; T-
value ¼ 2.30, df ¼ 10, p ¼ 0.044). At 72 h PO activity in air-exposed
oysters had decreased by 76%, whilst PO activity in low salinity
stressed oysters declined by 37% and 29% in mechanical agitation. At
120 h PO levels recovered in air-exposed oysters to above pre-treat-
ment conditions, however, low salinity and mechanical agitation
remained significantly reduced (low salinity: T-value¼ 2.84, df¼ 10,
p ¼ 0.018; mechanical agitation: T-value¼ 2.31, df¼ 14, p ¼ 0.037).

4. Discussion

Through the processes of aquaculture, P. imbricata experience
repeated perturbations and prolonged periods of stress [35]. The

parameters tested in this study represent key immunological
responses in bivalve mollusc defence [1]. These data indicate that
different environmental stressors have variable effects on the
immunological parameters tested. Slight variations in immuno-
logical parameters were recorded in control animals. This is
inherent of heterogeneous wild-type populations.

Fisher and Newell [16] investigated the effect of salinity
(6e30 ppt) on the activity of granular haemocytes in C. virginica
over a 3e4 week period. These studies identified a decline in the
number of circulating granulocytes in low saline conditions. In
contrast, Reid et al. [33] found when stressing R. philippinarum in
low saline conditions (20 ppt), there was a significant increase in
granular cells. Similar trends were identified in the current study,
with a significant increase in the presence of granulocytes when
exposed to low saline conditions. These results vary from those
oysters stressed by mechanical agitation. Between 0 and 72 h there
was no significant difference between control and stressed oyster
populations, although, there was a notable, but not significant
decline at 120 h. The physiological effects of this stressor may be
cumulative and increase in potency over time. Granulocyte pop-
ulations did not appear to be affected by air exposure. Malham et al.
[25] suggested that fluctuations in haemocyte populations maybe
the result of a prioritised redirection of bioenergetic resources
toward adaptive physiological functions, i.e. oxygen uptake,
glycolysis, lipolysis and respiration.

Phagocytosis represents an important mechanism of host
defence [5]. Clearance efficiency is heavily dependent on the ability
of haemocytes to recognise, bind to and engulf microbes [4,13,41].
In conjunctionwith fluctuations in differential and total haemocyte
counts, all stressors investigated we found to significantly affect the
phagocytic clearance activities of P. imbricata haemocytes. The
results of the current study suggest that the decline in phagocytosis
was not transient. These significant declines may be implicated in
the proliferation of disease especially across monocultures such as
those in aquaculture. A reduction in phagocytic activity and clear-
ance efficiency may be caused by osmotic effects or increased
infiltration of haemocytes into connective tissue and organs [8,9].
In similar studies mechanical stress was found to decrease phago-
cytic activity of the abalone Haliotis tuberculata (H. tuberculata;
[25], whilst decreases in phagocytic clearance were recorded in low
saline conditions (16 ppt) in Mytilus edulis [8].

The effects of physiological stress on the phagolysosomal
system in P. imbricata do not appear to be consistent between
stressors. Acid phosphatase is a typical lysosomal enzyme found in
the phagocytes of bivalve molluscs. In a recent study, Aladaileh
et al. [1] injected S. glomerata with the stress hormone
noradrenaline. The release of noradrenaline has previously been
found to be associated with stressful events such as mechanical
agitation [2,22]. These authors showed that noradrenaline injec-
tions inhibit acid phosphatase activity. They proposed that
a decline in the number of acid phosphatase positive cells maybe
related to stress induced apoptosis, a change in lysosomal integrity
or enhancement of cellular lysis [4,14,23]. Results from the current
study vary from these findings, as acid phosphatase activity
increased significantly when haemocytes were stressed by air
exposure. Mechanical stress increased acid phosphatase activity,
whilst exposure to low saline conditions showed acid phosphatase
activity to fluctuate over time.

It has been demonstrated that environmental stressors can
drastically alter immunocompetance, which may be implicated in
disease persistence and proliferation [21,24]. Reid et al., [33] per-
formed controlled infection experiments with Vibrio tapetis, the
brown ring disease, in Manila clams. They found that when Tapes
philippinarium was exposed to stressful conditions, such as low
salinity (20 ppt), infection intensity was at its greatest [33]. During
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Fig. 3. Fold difference is the ratio between treatment and control values. The graphed
values represent how the treatment varies against the control. (A) fold difference in
acid phosphatase activity (specific activity) in haemolymph from stressed oysters (B)
fold difference in PO activity (specific activity). * denotes a significant difference
between treatment and control values for that time point (p-value # 0.05). Error bars
represent standard error of the mean.
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these periods of stress they also found THC to decline significantly
[33]. In the present study, THC were found to decline within the
first 24 to 72 h after exposure to mechanical stress and within 24 h
of low saline conditions. These results also complement the find-
ings of Malham et al. [24], who identified a significant decrease in
circulating haemocytes in mechanically agitated abalone,
H. tuberculata. It has been proposed that during stressful events
circulating haemocytes may migrate from the blood stream to the
surrounding tissue, that may be prone to injury or infection [24].
Alternatively, haemocytes may respond to stressors by providing
nutrients and resources to certain tissues involved in adaptation to
stress and survival [24]. Total haemocyte counts increased signifi-
cantly at 72 h when exposed to low salinity, before returning to
control values at 120 h. Exposure of P. imbricata to air resulted in
a slight increase of THC before a significant decline at 72 h. As the
oysters were taken out of the water for 2 h a day over a five-day
period, this trend may represent a cumulative response.

Short-term perturbations in environmental stressors elicited
variable responses in protein content. Protein concentration
increased significantly for both mechanical agitation and low
salinity. These results differ from those of Fisher and Newell [16],
who found no significant change in haemolymph protein after
exposing C. virginica to saline conditions ranging from 6 to 30 ppt
for one month. Similarly no significant increase or decrease in total
protein was found in the shrimp Penaeus californiensis cultivated
under low saline conditions [36]. In our study, exposure to air
resulted in no significant difference in protein between either
control or treatment values.

In 2006, Butt et al. demonstrated that the proliferation of the QX
disease (M. sydneyi) in S. glomerata was influenced in part, by
altered environmental conditions, which most notably affected the
expression of PO. In the current study, one of the most profound
effects of all environmental stresses tested was the significant
decline in PO activity. Similar studies have also found proPO activity
to decline with lowered salinity in aquatic species such as the
yellow shrimp Farfantepenaus californiensis, the white shrimp lito-
penaeus vannmei and the tiger shrimp Penaus monodon [37].

In aquaculture, oysters can experience multiple stressors simul-
taneously including mechanical agitation associated with general
handling, sorting or antifouling as well as long periods of transport
(exposure to air; [26,33]. Recent climate change projections predict
potential decreases in ambient salinity with the imminent threat of
polar ice caps melting and increased magnitude of flood events,
effecting estuarine and coastal regions [31]. Immunological
responses of circulating haemocyte populations in controlled stress
conditions can provide important information about the ‘health’ of
an animal, which is easily assed in the short-term.

In conclusion, this research demonstrates that even moderate
periods of stress (when exposed to reduced salinity, mechanical
agitation, or exposure to air) induce quantifiable alterations in the
immune response of P. imbricata. In general, these responses varied
depending upon the stressor. Hyposalinity, similar to that which
often occurs during periods of prolonged rainfall, greatly affected
the cytochemistry and functional responses of haemocytes. More-
over, the negative effects of mechanical agitation and exposure to
air, frequently experienced during processing and handlingwas also
confirmed. Future researchwill focus on the specific effects of stress
related hormone release including dopamine and noradrenaline
and their impact on immunological cellular responses.
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Preface 1742 

Previous studies investigating the effects of environmental perturbations on 1743 

invertebrate immune systems have identified increases in the production of stress 1744 

hormones, namely dopamine and noradrenaline (NA). In addition to these increases, 1745 

NA has also been shown to induce apoptosis among defensive haemocyte 1746 

populations. These apoptotic events have been linked to immunosuppression. In the 1747 

previous Chapter, I showed that environmental stress negatively affects key 1748 

immunological responses, including phagocytosis and phenoloxidase activity. The 1749 

aim of the current Chapter was to investigate the effects of NA on defensive 1750 

haemocytes in P. imbricata. Using Terminal dUTP nick-end labelling and Annexin 1751 

V-FITC staining I showed that there was a significant increase in DNA fragmentation 1752 

and decrease in membrane stability in haemocytes exposed to NA. The data also 1753 

demonstrates that NA significantly alters cell structure and morphology as shown by 1754 

the rearrangement of F-actin (stained with phalliodin-Alexa Fluor 488) and scanning 1755 

electron microscopy. This change in cytoskeletal morphology could be one 1756 

explanation for the decline in phagocytosis that occurs after stress, while the induction 1757 

of apoptosis and subsequent declines in defensive haemocytes may explain the 1758 

observed decreases in PO activity among stressed oysters. In this way, the cellular 1759 

responses to NA described here may help to explain the observations made in the 1760 

previous Chapter.  1761 
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a b s t r a c t

Exposure to fluctuating environmental conditions in bivalve molluscs can lead to physiological stress and
up-regulated production of stress-associated hormones, such as noradenaline (NA). Since environmental
stressors have been found to have an immunosuppressive effect on Pinctada imbricata, we investigated
the in vitro affects of NA exposure on their defensive haemocytes, focussing specifically on markers of
apoptosis. Terminal dUTP nick-end (TUNEL) labelling was used to detect cells displaying DNA frag-
mentation within tissue exposed to NA. DNA fragmentation was most significant when haemocytes were
exposed to 10.0 ng NA/mg protein relative to non-treated controls. Similarly, Annexin V-FITC staining,
a marker of early apoptotic events, was evident in cells exposed to 5.0 and 10.0 ng NA/mg protein after
120 min (p< 0.05), and haemocyte adhesion to glass slides declined significantly when cells were
exposed to 10.0 ng NA/mg protein (p< 0.05). A number of morphological and ultrastructural changes in
NA-exposed haemocytes were also identified using transmission and scanning electron microscopy.
These alterations included chromatin and cytoplasmic condensation, the formation of apoptotic bodies,
vacuolisation and blebbing. In NA-treated cells, polymerisation of F-actin was observed around the
periphery of the cytoplasm. All of these data suggest that NA induces apoptosis in P. imbricata
haemocytes.

Crown Copyright ! 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Pinctada imbricata, commonly known as the Akoya pearl oyster,
is a tropical to semi-temperate epibenthic species that occurs
throughout the Indo-Pacific, North America, theMediterranean, and
the Eastern coastlines of Africa and Australia [1,2]. This species is
commercially farmed for the production of pearls, predominantly in
Japan and China. P. imbricata is also being trialled for its commercial
viability as a temperate pearling species in eastern Australia. Over
the past two decades, Japanese pearl production has declined
significantly, from 118000 kg in 1993, to 63000 kg in 1996 [2]. This
decline in productivity has been linked with the proliferation of
diseases that are commonly associated with the overpopulation of
monocultures and a range of environmental perturbations [2].

Acute environmental stressors that may affect P. imbricata, which
are usually cultivated in shallow subtidal zones, include variations in
temperature and food availability due to seasonal changes, fluctu-
ations in salinity and dissolved oxygen content, mechanical agita-
tion and exposure to air resulting from tidal oscillations, wave action

and farming practices [3]. These environmental stressors have been
shown to affect a range of immunological responses in marine
bivalves [3e6].

Bivalve immune systems rely upon pattern recognition, inwhich
host pattern recognition receptors detect pathogen associated
molecular patterns (PAMPS; 7e9). The recognition of PAMPS in
bivalves initiates both humoral and cellular defences [10,11].
Cellular defences are based on haemocyte-mediated responses,
including nodule formation, encapsulation, phagocytosis and the
production of reactive oxygen species (ROS; superoxide and
peroxide; 4,10e13). Humoral responses include the synthesis and
secretion of extracellular effector proteins and antimicrobial
enzymes, such as lysozyme, and antimicrobial peptides including
defensins [10,14].

The immunological parameters that are known to be affected by
environmental stressors include the frequency of defensive haemo-
cytes in haemolymph, the production of ROS, phenoloxidase (PO)
activity, and phagocytosis [4,6,15]. In the Sydney rock oyster, Saccos-
trea glomerata, PO activity has been shown to be inhibited by low
salinity in both laboratory and field trials [16]. In hypo-saline envi-
ronments, S. glomeratawere also found to be more susceptible to QX
disease, which is caused by the protozaon parasite, Marteilia sydneyi.
Butt et al. (2006) concluded that the stress induced by low salinity

* Corresponding author. Tel.: þ61 2 98508205; fax: þ61 2 9850 8245.
E-mail address: Rhiannon.kuchel@mq.edu.au (R.P. Kuchel).

Contents lists available at ScienceDirect

Fish & Shellfish Immunology

journal homepage: www.elsevier .com/locate / fs i

1050-4648/$ e see front matter Crown Copyright ! 2011 Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.fsi.2011.05.025

Fish & Shellfish Immunology 31 (2011) 365e372



 97 

 1763 

Author's personal copy

causes PO activity to decline, increasing the likelihood of opportu-
nistic infection by M. sydneyi. Similar immunosuppression and
subsequent increases in disease susceptibility have been demon-
strated in other marine bivalves, including Mytilus edulis [17] and the
oysters, Crassostrea virginica [18,19] and Crassostrea. gigas [15].

Other studies have this linked stress-associated immuosup-
pression in bivalves with neuroendocrine responses involving the
release of catecholamines (CA), such as noradrenaline (NA) and
dopamine (DO; 5,15,20). These endocrine stress responses are medi-
ated by corticotrophin-releasing hormone (CRH) and adrenocortico-
tropin hormone (ACTH; 5,15). Catecholamines play an essential role in
physiological processes within molluscs including the regulation of
cillary activity, feeding regimes, locomotion, reproduction and respi-
ration [15]. Exposure to stress and associated increases in neuroen-
docrine secretions are thought to divert energy resources away from
physiological functions such as growth, reproduction and some
immunological processes [21]. This response may be deleterious in
situations where opportunistic pathogens are present. Recent studies
by Lacoste et al. (2002) and Aladaileh et al. (2008) have linked the
secretion of CA’s with an increased occurrence of apoptotic events in
defensive haemocytes from C. gigas and S. glomerata respectively.
Given the key role of haemocytes in immunocompetence, this CA
induced apoptosis may be implicated with immunosuppression and
disease susceptibility [22].

Apoptosis is an orchestrated series of molecular events commonly
associated with morphogenesis, maintenance and the developmental
deletion of cells [23]. There are two interconnected pathways that
lead to apoptosis, one involvingmitochondria (intrinsic) and the other
activated by death ligand receptors (extrinsic; 23e26). During
apoptosis, cells undergo a series of biochemical and structural
changes [23]. A cascade of intracellular events leads to the cleavage
activation of caspase-3 resulting in plasma membrane blebbing,
combined with the extension of echinoid protrusions, membrane
blistering and eventually cell lysis [23].

The current study examines the effects of NA on defensive
haemocytes of the Akoya pearl oyster. We investigated the poten-
tial relationship between NA and impaired immune function in
P. imbricata by focusing on hormone-induced apoptosis among
defensive haemocytes.

2. Materials and methods

2.1. Oysters

Adult P. imbricata (50e80mm in dorso-ventral height) were
sourced from oyster farms in Brisbane Waters, New South Wales
(33!270S 151!140E). The oysters were housed in aerated aquaria (40 L)
containing recirculating seawater at 25 !C. They were left to accli-
matize for two weeks prior to experimentation and were fed with
Nosan M1 diet every 3 days (Aquasonic Pty Ltd, Wauchope, NSW).

2.2. Haemocyte and tissue sampling

Oysters were removed from aquaria and were placed on
absorbent towels to drain excess water from their mantle cavities
for 2 min prior to haemolymph extraction. Samples of gill tissue
(5 mm2) were then dissected from the oysters by severing the
adductor muscle to expose the flesh. After shucking, haemocytes
were withdrawn from the pericardial cavity and the sinus near the
adductor muscle using a 27-guage needle fitted to a 1-mL syringe.

2.3. In vitro noradrenaline treatments

Based on concentrations of NA found in a range of molluscs,
haemocytes were exposed to 0 (control), 2.5, 5.0 and 10.0 ng of NA

per mg of protein [5,20,27e30]. The average protein content of
whole haemolymph was determined using a Bradford assay (Bio-
Rad protein determination kit). One hundred mL of whole haemo-
lymph were incubated with NA for 0, 30, 60, 90, and 120 min in
culture media (20% M199, 10% foetal calf serum, and 70% FSW)
before being analysed for Annexin V and phalliodin-Alexa Fluor 488
staining, and DIC microscopy. Each treatment was replicated seven
times; with each replicate representing a single oyster. For trans-
mission and scanning electron microscopy 1-mL of whole haemo-
lymph were incubated with NA for 0, 30 and 60 min. Each
treatment was replicated three times. Gill tissues explants were
exposed to NA for 3 h or 10 h before being analysed for DNA frag-
mentation. Each of these treatments were replicated six times.

2.4. DNA fragmentation (TUNEL) analysis

Gill tissue explants were embedded in paraffinwax. Thin sections
were then cut using an 820 Spencer microtome (American Optical
Corporation) and adhered to acid alcohol washed slides. Late stage
apoptosiswas assessedusing a FragELDNAFragmentation (TUNEL) kit
(Calbiochem,SanDiego,CA). Following themanufactures’ instructions,
thin tissue sections were deparaffinised and rehydrated in 100% His-
tochoice (Amresco, Ohio, USA), followed by a graded ethanol series,
from 100% v/v to 70% v/v. The tissue was then permeabilised using
0.2 mg/mL proteinase K in 10mM Tris (25mM Tris, 150 mM NaCl,
2 mM KCl, pH 8). Specimens were incubated at room temperature for
20 min, and then rinsed with 1" Tris buffered saline (TBS). Endoge-
nousperoxidaseswere inactivatedbycovering the tissuewith3%H2O2
for 5 min. After incubation, the slides were rinsed with TBS and over-
laid with 1"Klenow equilibration buffer, and left for 20 min. The
buffer was then drawn from the slides using absorbent paper, before
the tissue sections were overlaid with Klenow labelling mixture and
incubated in a humid chamber at 37 !C for 1.5 h. The labelling reaction
was terminated using the stop buffer provided. The specimens were
then immersed in blocking buffer and incubated at room temperature
for 10 min. The buffer was aspirated from the slides and 100 mL of
1" streptavidin-horseradish peroxidase (HRP) conjugate was then
overlaid onto the specimens for 30 min. After rinsing with 1" TBS,
100 mLaliquotsof3,30-Diaminobenzidine(DAB)solutionwereoverlaid
onto the tissue sections and incubated for 10e15min. The slides were
then counterstained with methyl green, and mounted with Histo-
mount. DNA fragmentation was identified as a black/brown colour-
ation in thenucleus. Ten randomfields of view (FOV)were countedper
replicate. The percentage of DNA fragmentation was calculated per
FOV and the over all average was calculated for the 10 FOVs.

2.5. Annexin V-FITC staining

To assess the early stages of apoptosis haemocytes were stained
with anticoagulant Annexin V conjugated to fluorescein iso-
thiocyanate (FITC). Haemocytes were washed with Annexin V
binding buffer (0.1 M Hepes, 1.4 M NaCl, 25 mM CaCl2, pH 7.4)
before being stained with 150 mL of Annexin V-FITC (1 mg/mL; BD
Pharmingen, North Ryde, Australia) and incubated in the dark for
15 min. The cells were then counterstained with 50 mgmL propi-
dium iodide. The slides were viewed using an Olympus Fluoview
300 florescence confocal microscope. Annexin V positive cells
fluoresced yellow/green. Ten random fields of view (FOV) were
counted. The percentage of Annexin V-positive cells was calculated
per FOV and the over all average was calculated for the 10 FOVs.

2.6. Intracellular F-actin staining

To evaluate the effects of NA on F-actin formation, haemocytes
were stainedwith the F-actin selective stain, phalloidin-Alexa Fluor
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488 (Molecular Probes). Propidium iodide (Molecular Probes) was
used to counter-stain the nuclei. Cell membranes were per-
meabilized by overlaying the slides with phosphate buffered saline
(PBS) containing 0.1% Triton X-100 (Sigma Aldrich) for 2 min
at room temperature. The slides were then rinsed with PBS
and overlaid with 20 nM phalloidin-Alexa Fluor 488 in a humid
chamber omitting all light for 20 min. The slides were then rinsed
twice with PBS and counterstained with 70 mL propdium iodide
(50 mgmL) for 2 min. After counter-staining, the haemocytes were
analysed using an Olympus Fluoview 300 confocal laser-scanning
microscope. F-actin was detected by green fluorescence and the
counterstained nuclei by red fluorescence.

2.7. Transmission electron microscopy (TEM)

Haemocyte samples were fixed for 20 min in 4% para-
formaldehyde, 2.5% glutaraldehyde and 0.3 M sucrose in 0.1 M 1,4
piperazinediethanesulfonic acid (0.1 M PIPES buffer; pH 7.2). The
cells were then pelleted by centrifugation (400! g for 10 min)
and resuspended in fresh fixative overnight. The next day, the
haemocytes were embedded in 2% w/v agarose, washed with
PIPES (2!1 h), and post-fixed in 1% w/v osmium tetroxide (OsO4,
in 0.1 M PIPES) for 40 min. The pellets were rinsed (2!10 min
washes in 0.1 M PIPES) and submerged in 2% w/v filtered aqueous
uranyl acetate for 20 min (en bloc staining). After en bloc staining,
the pellets were washed in 0.1 M PIPES 3 times for 3 min each.
The pellets were then dehydrated through a graded ethanol
series (50%e100%) and embedded in L.R. White resin (80%
polyhydroxy substituted bisphenol, dimethacrylate resin 19.6%,
C12 methacrylate ester, 0.9% benzoyl peroxide; Proscitech, Kir-
wan, Australia). Ultrathin sections were cut using a Reichert
Ultracut-S ultramicrotome and placed on coated 300 copper
mesh grids. The sections were stained with saturated aqueous
uranyl acetate for 30 min followed by Reynold’s lead citrate for
5 min. Sections were imaged using a Philips CM 10 transmission
electron microscope.

2.8. Scanning electron microscopy (SEM)

Haemocytes were fixed using 500 mL of 8% w/v para-
formaldehyde and 5% w/v glutaraldehyde in 0.1 M PIPES for 2 h.
After fixation, the haemocytes were washed in 0.1 M PIPES and
post-fixed with 1% w/v osmium tetroxide in 0.1 M PIPES buffer for
40 min. Stained haemocytes were adhered to acid-alcohol washed
coverslips for 30 min using 0.1% ethylene imine polymer solution
(PEI; Hampton research, CA, USA). The haemocytes were then
dehydrated in a graded series of ethanol (50%e100%) and trans-
ferred to a critical point dryer (Emitech K850; Kent, Ashford).
Coverslips were mounted on aluminum stubs and coated with gold
using a sputter coater (Emitech K550; Kent, Ashford). Samples were
examined using a JEOL 6480 LA (Frenches Forrest, NSW) scanning
electron microscope.

2.9. Monitoring live haemocytes

Live haemocytes were assessed for their external morphology
and ability to adhere to glass microscope slides. The haemocytes
were observed under differential interference microscopy (DIC),
and the number of adherent cells in ten randomly selected fields of
view were counted for each slide. The percentage of adherent cells
were calculated per FOV and the over all average was calculated for
the 10 FOVs. The data are presented as the mean frequency of
adherent haemocytes per field of view" SEM.

2.10. Statistical analysis

Two-way analysis of variance (ANOVA) followed by Tukey’s
Post-Hoc multiple comparisons were used to analyse differences
between control and NA treated haemocytes from the TUNEL,
Annexin V and cell adhesion assays using the statistical package
Minitab ver. 16.0 (Minitab Inc., USA, 2011). When statistically
significant differences were found, the data were reanalysed using
individual one-way ANOVAs to test the difference between indi-
vidual time points. Differences were considered statistically
significant at p# 0.05.

3. Results

3.1. TUNEL e DNA fragmentation

TUNEL-positive haemocytes, indicating double stranded DNA
breakage, stained brown in colour (Fig. 1A). Nuclei in TUNEL-positive
cells appeared fragmented. There was a dose dependent increase
in the frequency of TUNEL-positive cells after NA-exposure (Fig. 1B).
The percentage of cells displaying double-strand DNA breakage was
greatest in cells treated for 3 h or 10 h with 10.0 ng NA/mg protein
when compared to non-exposed control cells (p< 0.05; Fig. 1B).

Fig. 1. A, Light micrograph of TUNEL-positive nuclei (D), and methylene blue stained
(TUNEL-negative) nuclei (M). B, The percentage of TUNEL-positive cells at 3 h and 10 h
after exposure to 0, 2.5, 5.0 and 10 ng NA/mg protein. N¼ 7, bars¼ standard error of the
mean (SEM). Paired * and + denote a significant difference between two data points.
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Approximately four times more TUNEL-positive haemocytes were
evident after treatment with 10 ng NA/mg protein relative to controls.

3.2. Annexin V staining

We examined the extent of phosphatidylserine externalisation
(an early apoptotic marker) in NA-exposed haemocytes from
P. imbricata using an Annexin V-FITC assay. Typically, Annexin V
staining was observed around the periphery of cells, and was often
associated with blebbing of the membrane (Fig. 2A). A dose
dependent increase in the frequency of Annexin-positive haemo-
cytes was evident after 120 min exposure to NA (p¼ 0.002, Fig. 2B).
At this time, the percentage of Annexin-positive cells in cultures
exposed to both 5.0 and 10.0 ng NA/mg protein was significantly

greater than controls (p< 0.05). The dose response became
asymptotic between 5.0 ng and 10.0 ng NA such that the percentage
of Annexin-positive cells at both of these doses was approximately
two-fold greater than the controls.

Annexin V staining increased over time when cells were
exposed to NA, whilst the frequency of Annexin-positive cells
decreased over time in untreated controls. Annexin V staining was
consistently greater in cells treated with 10.0 ng NA/mg protein
when compared with non-exposed controls over the 120 min
exposure period (two-way ANOVA, p< 0.05). Both Tukey’s post hoc
comparisons and one-way ANOVAs identified significant differ-
ences between NA-exposed and control cells after both 90 and
120 min (p< 0.05).

3.3. F-actin distribution

In untreated haemocytes, F-actinwas commonly associatedwith
pseudopodium formation (Fig. 3A). In contrast, polymerisation of
F-actin was observed around the entire periphery of haemocytes
treated with NA for 10 min, with reduced pseudopodia formation
(Fig. 3B). F-actin was also found to coagulate into large globular
masses around the outer cytoplasm of NA-treated cells after 30 min
exposure (Fig. 3C). Haemocytes exposed to 10 ng NA/mg protein for
30 min exhibited membrane blebbing and the development of
apoptotic bodies encased with an F-actin rich membrane (Fig. 3D).
Counterstaining with propidium iodide also showed chromatin
condensation in NA-treated haemocytes (Fig. 3BeD).

3.4. Transmission electron microscopy

Control haemocytes that were not exposed to NA retained
uncondensed nuclei and intact organelles over a 60 min culture
period (Fig. 4A). These cells often projected small filopodia. In
contrast, haemocytes treated with NA for 60 min displayed acute
condensation of the cytoplasm and nuclei (Fig. 4BeD). Condensed
chromatin commonly appeared around the periphery of the
nuclear membrane in NA-treated cells after 30 min (Fig. 4B).
Nuclear fragmentation and the formation of apoptotic bodies were
also observed when haemocytes were exposed to (5.0 and 10.0 ng
NA/mg protein) for 60 min (Fig. 4C). NA-treated haemocytes were
often rounded in shape and commonly lacked filopodia (Fig. 4D).
They also displayed both vacuolisation and blebbing of the cyto-
plasmic contents.

3.5. Scanning electron microscopy

Under SEM, untreated (control 0e60 min) haemocytes typically
had a rounded cell body, with numerous filamentous projections
(Fig. 5A). In contrast, the plasma membrane of NA-treated cells
after 60 min showed characteristic signs of apoptosis with
membrane blebbing and they also lacked filopodia (Fig. 5B).

3.6. Effect of NA on cell adhesion

There was a dose dependent decrease in the frequency of
adherent haemocytes in cultures exposed to NA for 120 min such
that the frequency of adherent haemocytes was significantly lower
in cultured haemocytes exposed to 10.0 ng NA/mg protein relative
to non-exposed controls (p< 0.05).

The frequency of adherent cells decreased over time when
cultures were exposed to NA. The percentage of adherent cells was
approximately half (35.4%) that of their initial level (62.6%) after
120 min (p< 0.05). In contrast, the percentage of adherent cells
remained relatively constant in non-exposed controls over the
120 min culture period (p> 0.05, 0 min vs. 120 min). As a result,

Fig. 2. A, Noradrenaline-exposed haemocytes stained with Annexin V only (AN-V),
propidium iodide only (PI), and a combination of Annexin V and PI (AN-Vþ PI). MB,
membrane bleb. B, Percentage of Annexin V-positive haemocytes in cultures exposed
to 0 (control), 2.5, 5.0 and 10.0 ng NA/mg protein for 120 min. Paired * and + denote
a significant difference between two data points. C, Percentage of Annexin V-positive
cells in haemocyte cultures exposed to 10.0 ng noradrenaline/mg protein for between
0 and 120 min. N¼ 7, bars¼ standard error of the mean (SEM). * denotes a significant
difference.
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two-way ANOVAs identified significant differences between treat-
ments (control vs. 10 ng NA p< 0.05) and over time (p< 0.05;
Fig. 6B). Tukey’s post hoc analysis and a one-way ANOVA identified
significant differences (p< 0.05) in the frequency of adherent cells
between control and NA-treated cells after 90 min of culture.

4. Discussion

Bivalve haemocytes can mount complex immunological
responses to invading pathogens [12]. Given the crucial functions
of defensive haemocytes, a number of studies have investigated
the negative effects of environmental stressors on these cell pop-
ulations. They have identified reductions in total haemocyte
counts, phagocytoic activity, respiratory bursts, and adhesive
ability, as well as altered cytoskeletal development, after exposure
to environmental stress [28,31e34]. However, the molecular
interactions between stress and disease remain poorly understood.
A study by Butt et al. (2006) identified a strong correlation
between outbreaks of QX disease in S. glomerata and environ-
mental stress, whilst Lacoste et al. (2001) found that C. gigas were
more susceptible to Vibrio splendidus infections when exposed
to the stress hormone, NA. Lacoste et al. (2001) concluded that
NA-induced disease susceptibility was due to impaired defensive
activities of haemocytes.

To further resolve the relationship between NA and impaired
immune function, the current study investigated the in vitro effects
of NA exposure on haemocytes from P. imbricata. The NA concen-
trations used were based on studies by Lacoste et al. [15,21,28,29],
and Malham et al. (2003). These studies showed that both C. gigas
and Haliotis tuberculata secrete up to 20 ng NA/mL of haemolymph
when stressed by mechanical agitation. Lacoste et al. (2001) also
investigated the effects of NA doses ranging from 0.01e10.0 mM on
luminol-dependent chemiluminescence (CL) activity in C. gigas
haemocytes. We chose to test NA concentrations between 0 and
10 ng NA/mg protein as these values approximate the range of
concentrations that have previously been investigated.

Early (Annexin V) and late (TUNEL) stage apoptoticmarkers were
identified in NA-exposed haemocytes in the current study.
Apoptosis can be induced by ß-adrenergic signalling involving
caspases, a family of cysteine proteases [22]. The early onset of
apoptosis can be identified by a loss of plasma membrane asym-
metry. In non-apoptotic cells, membrane phospholipids (i.e. phos-
phatidylserine; PS) are distributed asymmetrically between the
inner and outer leaflets of the plasma membrane [24]. In early
apoptosis, PS translocates from the inner to the outer leaflet [23].We
tested this early stage of apoptosis in P. imbricata haemocytes using
Annexin V, which binds to externalised PS in the presence of
calcium. We found NA had a dose and time dependent effect on the

Fig. 3. Confocal fluorescent micrographs of control and NA-treated haemocytes stained with Phalloidin Alexa Fluor 488 (green). Nuclei (N) are counterstained with propidium
iodide (red). A Control (non-exposed) haemocyte. B, Haemocyte exposed to 2.5 ng NA/mg protein for 10 min. C, Haemocyte exposed to 5.0 ng NA/mg protein for 30 min. D, Hae-
mocyte exposed to 10 ng NA/mg protein for 30 min. GA; globular actin, AB; apoptotic body; F, filopodia (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
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frequency of Annexin-positive haemocytes. Annexin-positive hae-
mocytes were approximately two fold more frequent among cells
treated with 5.0 ng and 10.0 ng NA compared to non-treated control
haemocytes. Annexin V staining was localised around the periphery

of cells, which is where PS is typically locatedwhen it ‘flips’ from the
inner to the outer membrane leaflet during apoptosis. This suggests
that NA initiates PS redistribution in the membranes of P. imbricata
haemocytes. The distribution of Annexin V within NA-exposed cells

Fig. 4. Transmission electron micrographs of control (non-exposed) and NA-treated haemocytes. A, Control haemocyte after 60 min culture depicting intact organelles: endo-
plasmic reticulum (ER), mitochondria (M), and nucleus (N). Filopodia (F) are also visible. B, A haemocyte treated with 10 ng NA/mg protein for 30 min displaying condensed
chromatin (CC). C, A haemocyte treated with 5 ng NA/mg protein for 30 min undergoing nuclear fragmentation (NF). MB, membrane bleb. D, A haemocyte treated with 10 ng NA/mg
protein for 60 min, note the lack of filopodial development. V¼ vacuole. GR; granule.

Fig. 5. Scanning electron micrographs of control (non-exposed) and NA-treated haemocytes. A, Control haemocyte after 60 min culture. F, filopodia. B, A haemocyte undergoing
membrane blebbing (MB) after exposure to 10 ng NA/mg protein for 60 min.
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also indicated that early apoptotic events affect cell morphology
resulting inmembrane blebbing. Membrane blebbingwas identified
as small Annexin V-positive spheres located around the periphery of
the membrane. Lacoste et al. (2002) also investigated the redistri-
bution of PS in C. gigas exposed to isoproterenol (a substrate used to
mimic NA). They showed that NA is able to induce apoptosis via P35-
sensitive caspases triggered by ß-adrenergic signalling in C. gigas
haemocytes.

Late stage apoptosis was identified by the presence of TUNEL-
positive haemocytes distributed in P. imbricata gill tissue. In the
TUNEL assay, nuclear degeneration is detected when Klenow binds to
the fragmented ends of DNA. This initiates the addition of biotin-
labeled and unlabelled deoxynucleotides, which are detected by
a streptavidin horseradish peroxidase (HRP) conjugate. In NA-treated
gill tissue significantlymore haemocyteswere TUNEL-positive than in
controls, indicating double stranded DNA breakage. The nuclei of
these cells also appeared fragmented. NA had a dose dependent effect
on the frequency of TUNEL-positive haemocytes. TUNEL-positive
haemocytes were two times more frequent than controls when
treated with 5.0 ng NA/mg protein, and four times more frequent in
tissue exposed to 10.0 ng NA/mg protein compared to untreated
controls. These data suggests that NA induces DNA fragmentation in
P. imbricata haemocytes, which occurs within 3 h of exposure to NA.

The apoptotic events reflected by Annexin V and TUNEL staining
seemed to coincide with alteration of the cytoskeleton associated
with redistribution of F-actin. When haemocytes were exposed to

5.0 and 10.0 ng NA/mg protein, F-actin became concentrated in
coagulated masses within the plasmalemma. These masses were
commonly associated with regions of membrane blebbing and the
production of F-actin encased apoptotic bodies. Aladaileh et al.
(2008), observed a similar phenomena after exposing S. glomerata
haemocytes to 150 nM NA. In other studies, the rearrangement of
F-actin within the cytoskeleton has been associated with the early
onset of apoptotic signal transduction [35,36].

Changes observed in the F-actin cytoskeleton and the DNA frag-
mentation detected by TUNEL may account for the alteration of
haemocyte ultrastructure after P. imbricata haemocytes were exposed
to NA. The onset of apoptosis after 30 min exposure to NAwas evident
under TEM as chromatin condensation in the nucleus, which was
segregated into sharply delineated masses. In conjunction with these
nuclear changes, the cytoplasm was also found to be condensed.
Exposure to NA for 60 min resulted in budding of cytoplasmic
contents into apoptotic bodies that were closely associated with the
redistribution of F-actin. Similar morphological changes have been
observed in apoptotic haemocytes associated with branchial lesions
in the European flat oyster, Ostrea edulis [37]. NA has also been found
to induce apoptotic changes in both plasma membrane morphology
and nuclear chromatin in C. gigas and S. glomerata [5,22].

It is likely that NA-induced changes in the cytoskeleton and
morphology of haemocytes affect their defensive activities. In this
context, in vitro experiments in the current study showed that NA
negatively affects the ability of haemocytes to adhere to glass slides in
both a dose and time dependent fashion. This response to NA is likely
to affect cellular defence mechanisms such as phagocytosis, which is
dependent on cell adhesion and actin-mediated cytoskeletal activity.
Similar effects are also evident in oysters subjected to environmental
stress. Lacoste et al. (2002) found that phagocytic activity decreases
when C. gigas are stressed by mechanical agitation [20,29]. Similarly,
we have identified a reduction in phagocytic activity in P. imbricata
haemocytes exposed to hyposalinity (25ppt), mechanical stress
(300 rpm for 10 min) and desiccation (2 h aerial exposure every 24 h;
6). These data suggest that the secretion of biogenic amines in asso-
ciationwith stress,which results in cellular dysfunction and apoptosis,
provides one explanation for the link between stress, impaired
immunocompetence and increased disease susceptibility.

Despite this, the physiological role of NA induced apoptosis is
unclear. Haemocytes themselves are known to secrete NA, and so
NA mediated apoptosis of haemocytes may represent a regulatory
feedback mechanism. Apoptosis is also known to be an integral
component of bivalve immunity, initiated by the production of ROS
in haemocytes [38,39]. The secretion of ROS is thought to mediate
apoptosis via the intrinsic pathway involving mitochondria [39].
Previous studies have shown resistant C. gigas can overcome Per-
kinsus marinus and Haplosporidium nelsoni infection better than
non-resistant strains due to enhanced phagocytosis, respiratory
bursts and apoptosis [40]. In this context, NA may enhance the
contribution of defensive apoptosis in the short termwhilst, leading
to longer-term immunosuppresion through the loss of defensive
haemocytes.
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Preface 1793 

In this Chapter the relationship between phenoloxidase (PO) activity and 1794 

the effects of stress was further investigated using field-based experiments. It was 1795 

previously shown in Chapter Three that mechanical agitation, hypo-salinity and 1796 

exposure to air can significantly reduce PO activity. To further explore this 1797 

relationship, we exposed the sliver-lip pearl oyster, P. maxima, in the field to 1798 

typical stressors associated with husbandry and handling, including; high power 1799 

cleaning jets, being struck with a chisel, a combination of the jets and chisel, and 1800 

finally exposure to air. We also exposed juvenile oysters to air. Results from these 1801 

field experiments demonstrate that PO activity in mature oysters was initially 1802 

inhibited after exposure to stress, followed by a period of increased activity, while 1803 

PO activity was significantly up-regulated in juvenile oysters for the duration of 1804 

the experiment. The findings in mature oysters agree with those from Chapter 1805 

Three and suggest that PO activity may be a viable gauge of stress in the field.  1806 
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Abstract 1852 

Aquaculture necessitates a range of husbandry and handling procedures that 1853 

induce or exacerbate stress. The relationship between environmental stress and 1854 

suppression of immune responses has been defined in a range of invertebrate models. 1855 

In the current study, we investigated the effects of antifouling practices on PO 1856 

(phenoloxidase activity), which is associated with host defense in mature pearl 1857 

oysters. The stressors included the use of a cleaning machine (high pressure water 1858 

jets), being struck with a chisel to remove fouling, a combination of the cleaning 1859 

machine and chiseling, and exposure to air. We also investigated the effects of 1860 

exposure to air on PO activity in juvenile pearl oysters. PO activity declined 1861 

significantly (by 56%, relative to the control) 48h after oysters were chiseled (p < 1862 

0.05). Similarly, PO activity was inhibited in oysters exposed to jets and oysters 1863 

treated with a combination of the jets and chisel (by 43% and 40% decrease, 1864 

respectively). Ninety-six hours after treatment PO activity increased significantly (p < 1865 

0.05) in oysters exposed to the combination treatment (2.61 fold increase) and to jets 1866 

alone (2.06 fold increase). Exposure to air alone initially resulted in a significant 1867 

decline (by 43%) in PO activity after 48h (p < 0.05), and then a subsequent increase 1868 

(2.61 fold increase) after 96h (p < 0.05). In contrast, PO activity in juvenile oysters 1869 

remained significantly elevated relative to controls at both 24 and 96h after exposure 1870 

to air (p < 0.05). These data indicate that modulation of PO activity maybe a useful 1871 

indication of stress in pearl oysters.  1872 

 1873 

 1874 

 1875 

 1876 
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1. Introduction 1877 

Large-scale pearl production through pearl oyster aquaculture is now a highly 1878 

lucrative industry, grossing around $500 million per annum in Australia alone 1879 

(Kuchel et al., 2011b). The silver-lip pearl oyster, Pinctada maxima, forms the 1880 

foundation of the Australian pearl production. This species is also cultivated 1881 

throughout south-east Asia and the Pacific. Pearl culture necessitates handling, sorting 1882 

and cleaning processes that involve physiological stressors such as emersion and 1883 

byssal thread excision. In conjunction with natural environmental perturbations, the 1884 

stressors associated with intensive culture conditions and farming practices have been 1885 

associated with outbreaks of opportunistic diseases. In 1992, Davis et al. investigated 1886 

the collapse of the black abalone industry, Haliotis cracherodii, due to severe 1887 

outbreaks of withered foot syndrome (Xenohaliotis americanus) in southern 1888 

California. Results from their study indicated that a combination of external stressors, 1889 

including resource competition with sea urchins, as well as changes in physico- 1890 

chemical parameters induced by pollution and water temperature, increased the 1891 

incidence of disease (Davis et al., 1992). In addition to these findings, recent studies 1892 

have demonstrated that overcrowding of both P. fucata and P. margaritifera spat 1893 

results in the stress-associated spread of Vibrio sp. (FAO, 2007; Subhash, 2009).  1894 

The techniques used in pearl oyster cultivation vary based on species type and 1895 

the country that they are farmed in. However, until recently, the Australian P. maxima 1896 

industry has been considered to be relatively disease-free. However, in October 2006, 1897 

outbreaks of oyster oedema disease (OOD) resulted in mass mortalities of up to 2.8 1898 

million P. maxima in the Exmouth Gulf, Western Australia (WA; Humphrey and 1899 

Barton, 2009; Jones et al., 2010). This disease only infects P. maxima and not the 1900 

closely related P. margaratifera (Jones et al., 2010). Morphologically, infected 1901 
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oysters were found to have mild oedema, with retracted mantles, weak adductor 1902 

function and oedematous separation of epithelial tissues from underlying stroma 1903 

(Madin, 2007; Humphrey and Barton, 2009). Transmission experiments between 1904 

healthy and infected oysters were unsuccessful, and attempts to identify the 1905 

etiological agents have so far have been futile (Humphrey and Barton, 2009). Since 1906 

2009, OOD has been reported further north at other P. maxima farms.  1907 

  Haplosporidium infections also pose a considerable threat to P. maxima 1908 

cultivation. Three outbreaks of Haplosporidium sp. infections have been reported in 1909 

recent years, all of which have been concentrated in the north of WA (Hine and 1910 

Thorne, 1998; Jones and Creeper, 2006; FAO, 2007). Outbreaks of the 1911 

haplosporidium Minchinia occulta have also been reported in the cupped oyster, 1912 

Saccostrea cuccullata, resulting in up to 80% mortality (Bearham et al., 2009). This 1913 

has caused considerable alarm throughout the pearling industry because the epizootics 1914 

in S. cuccullata have occurred in close proximity to pearl oyster leases (Bearham et 1915 

al., 2009). DNA-based diagnostic assays of P. maxima spat from the area have 1916 

revealed infection with both M. occulta and H. hinei (Bearham et al., 2009).  1917 

Although these infections have not yet been linked to environmental changes, 1918 

stress has been shown to alter immune function in a number of bivalve molluscs 1919 

increasing disease susceptibility (Lacoste et al., 2001a). In a recent study by Kuchel et 1920 

al. (2010), the effects of environmental stressors including; exposure to air, 1921 

mechanical agitation (MA), and hypo-salinity, were investigated in P. imbricata. Both 1922 

PO activity and phagocytosis, key mediators of immune responses, were significantly 1923 

reduced in all three treatments (Kuchel et al., 2010). Similarly, total haemocyte 1924 

counts, phagocytosis and the production of reactive oxygen species (ROS; 1925 

superoxides and peroxides) were found to be significantly reduced in the Pacific 1926 
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oyster, Crassostrea gigas, after exposure to MA (Lacoste et al., 2002). These studies 1927 

provide evidence that stress can cause immuno-suppression, which may influence the 1928 

spread of opportunistic pathogens.  1929 

Oysters possess a form of innate non-adaptive immunity (Nell and Perkins, 1930 

2006). Current evidence suggests that they lack both long-term immunological 1931 

memory and precise antigen specificity. Interestingly, they can detect conserved 1932 

patterns of pathogen-associated molecular patterns (PAMPS) using pattern 1933 

recognition receptors (PRRs; Peters, 2004; Jiravanichpaisal et al., 2006; Aladaileih et 1934 

al., 2007). These systems induce cellular defences based on haemocyte-mediated 1935 

responses, including nodule formation, encapsulation, phagocytosis, and the 1936 

production of ROS (Pipe, 1992; Hegaret et al., 2003; Aladaileih et al., 2007).  1937 

In addition to hydrolytic intracellular killing systems, PO is an integral 1938 

component of subcellular antimicrobial activity in oysters (Munoz et al., 2006). The 1939 

production of active PO is dependent upon a proPO-activating system, which is 1940 

initiated by the presence of small quantities of PAMPS, such as LPS, peptidoglycans, 1941 

laminarin and β-1,3-glucans (Asokan et al., 1997; Cerenius and Söderhall, 2004). 1942 

Phenoloxidase is considered to be biologically “sticky” and adheres to the surface of 1943 

foreign particles to form aggregates (Marmaras et al., 1996; Ling and Yu, 2005). The 1944 

enzymatic end product of PO is melanin, a pigment that retards microbial growth 1945 

(Cerenius and Söderhall, 2004; Nappi and Christensen, 2005). Intermediates of the 1946 

PO cascade, such as quinones, are also highly reactive antimicrobial compounds 1947 

(Marmaras et al., 1996; Söderhall and Cerenius, 1998). 1948 

Changes in environmental parameters can alter crucial biological functions 1949 

such as PO activity (Pankhurst & Van Der Kraak 2000). Such stress responses are 1950 

coordinated by a series of metabolic events, resulting in the secretion of hormones, 1951 
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including dopamine and noradrenaline (NA; Ottaviani et al. 1998). In 2001a, Lacoste 1952 

et al. investigated the effects of MA on the hormonal stress response in the Pacific 1953 

oyster, C. gigas. After exposure to MA, NA was found to increase significantly in the 1954 

circulating haemolymph (Lacoste et al., 2001a). Following these studies, Aladaileh et 1955 

al. 2008, showed that exposing Sydney rock oysters (Saccostrea glomerata), to NA 1956 

resulted in significant declines in immunological parameters, including PO activity 1957 

and phagocytosis, as well as differential and total haemocyte counts. In addition to 1958 

immunosuppression, the secretion of NA has been shown to induce apoptosis among 1959 

defensive haemocytes in P. imbricata (Kuchel and Raftos 2011a).  1960 

Sensitivity of PO activity to environmental fluctuations suggests that this 1961 

enzyme might be a reliable marker of “stress”. Currently, there are few such markers. 1962 

In 1972, Jeffries used taurine/glycine ratios in both the gill and mantle tissues of the 1963 

hard clam, Mercenaria mercenaria, to indicate stress levels and associated infection 1964 

with the polychaete worm, Polydora. Molar ratios less than 3 indicated a 1965 

‘physiologically normal’ population, while any ratio exceeding 5 was found to be 1966 

associated with acute stress resulting in increased disease susceptibility (Jeffries, 1967 

1972; Sindermann, 1979). Other indices that have been used for the identification and 1968 

analysis of stress include “scope for growth” (measuring the potential for somatic 1969 

growth and gamete production) and oxygen/nitrogen ratios (Bayne and Scullard, 1970 

1977; Sindermann, 1979). Since these early studies, research has focused on the bio- 1971 

molecular responses of organisms to stress. The regulation and expression of specific 1972 

proteins, such as heat shock proteins, metallothioneins, and antioxidants are valuable 1973 

indicators of physiological states in marine bivalves (Clegg et al., 1998; Gestal et al., 1974 

2007; Fabbri et al., 2008). Their expression provides the potential to understand the 1975 

mechanisms by which marine organisms respond to environmental and anthropogenic 1976 
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stressors (Dahlhoff, 2004). However, for the purpose of rapidly identifying stress “on 1977 

farm”, such analyses are often time-consuming and expensive. Hence, the aquaculture 1978 

industry requires a more feasible ‘litmus test’ to identify the early onset of stress, 1979 

providing the potential to alter farming conditions accordingly. To that end, the 1980 

current study investigated whether common husbandry and handling practices 1981 

associated with pearl farming and anti-fouling affect PO activity in P. maxima.  1982 
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2.  Materials and Methods 2002 

2.1 Oysters 2003 

Silver-lip pearl oysters (P. maxima), with dorso-ventral height of 150-180mm 2004 

(mature) and 45-60mm (juvenile), were kindly supplied by Cygnet Bay Pearls, 2005 

(Broome, Australia, 16° 27’ 5” S, 123° 0’ 31” E). The oysters were housed at 2006 

Kimberly Marine Research Station (KMRS) on long lines in panels in the open ocean. 2007 

The oysters were acclimated for one month prior to experimentation. 2008 

 2009 

2.2 Experimental design  2010 

2.2.1 Mature oysters 2011 

Four stressors commonly associated with pearl oyster husbandry were tested; 2012 

exposure to air, antifouling with a high-powered jet, chiseling to remove fouling 2013 

organisms, and a combination of both the jet and chisel treatments. The chiselling, jets 2014 

and combined treatments also involved emersion. High-pressure jet (cleaning) 2015 

machines (M&J Engineering, Perth) are typically used as a routine part of the 2016 

antifouling process at Cygnet Bay Pearls. They comprise a set of pipes within a large 2017 

metal housing that directs pressurized seawater from both above and below onto a 2018 

central conveyor belt. The panels containing oysters are laid on the conveyor and are 2019 

fed through the machine. Both the pressure of the water and the speed of the conveyor 2020 

belt can be adjusted manually to suit the degree and type of fouling on panels for 2021 

effective cleaning. In addition to water jets, chisels are also used to “chip” oysters 2022 

once they have passed through the cleaning machine. Chipping involves the removal 2023 

of mostly hard (and resilient soft) fouling that has not been removed by the jets. 2024 

Barnacles and fouling bivalves are tapped from a 45° angle (or greater) at the point of 2025 

contact with the oyster shell. In the current study, to replicate the effects of antifouling 2026 
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stress, oysters were either struck with a chisel for 20s, exposed to a high-powered jet 2027 

for 45s, or a combination of both treatments. Another set of oysters were exposed to 2028 

air only for 3h. After these treatments, the oysters were returned to the water. For each 2029 

time point after treatment (1, 24, 48, and 96h), 9 oysters from each treatment were 2030 

randomly selected and haemolymph was extracted from each (Fig. 1A). Control 2031 

oysters that remained untouched in the water were removed from the water at the 2032 

same time points (9 oysters per time-point) and at the beginning of the treatment (0h).   2033 

 2034 
2.2.1 Juvenile oysters 2035 

To test the effects of emersion, juvenile oysters were exposed to air for 3h. 2036 

The treated oysters were then returned to the water and sampled 24 and 96h post 2037 

treatment (Fig. 1B). Control oysters were removed from the water and sampled 2038 

immediately at 0, 24, and 96h. 2040 

 2045 

 2047 

 2049 

 2052 

 2054 

 2056 

 2058 
 2060 
 2062 
 2064 
 2065 

Figure 1. Schematic diagram of the experimental design for (A), mature oysters, (B), 2066 

juvenile oysters. 2067 
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2.3 Haemolymph collection 2068 

Oysters were shucked open by severing the adductor muscle. Haemolymph 2069 

was collected by penetrating the pericardial cavity located near the adductor muscle, 2070 

using a 21-gauge needle fitted to a 1 mL syringe. Whole haemolymph was then 2071 

transferred into sterilized 1.5 mL microcentrifuge tubes and stored in liquid nitrogen 2072 

at – 80 ºC. Haemocyte lysates (HL) were produced by freeze-thawing the 2073 

haemolymph (– 80 ºC/ room temperature) three times. The lysed samples were 2074 

centrifuged at 5,000 x g for 30 min (4 ºC) to remove cellular debris.  2075 

 2076 

2.4 Protein quantification 2077 

Total protein content of HL was quantified using a Bio-Rad Bradford protein 2078 

assay kit according to the manufacturer’s instructions (Bio-Rad, Regents Park, NSW, 2079 

Australia). Absorbance was measured at 595 nm using a Bio-Rad model 550- 2080 

microplate spectrophotometer (Bio-Rad, Regents Park, NSW, Australia) and protein 2081 

content was interpolated from a standard curve generated with bovine serum albumin 2082 

(BSA).  2083 

 2084 

2.5 Phenoloxidase assays 2085 

Phenoloxidase activity was assayed spectrophotometrically in 96-well flat- 2086 

bottomed microtitre plates (Sarstadt, Technology Park, SA). Hydroquinine 2087 

monomethyl ether (4HA; Sigma Aldrich, Castle Hill, Australia) was used to measure 2088 

monophenolase activity. This assay was adapted from Aladaileh et al. (2007). One 2089 

hundred microlitres of HL were added per well in triplicate for each sample. The HL 2090 

was then incubated with 100 µL 4HA (5 mM in FSW), containing 1 mM 3-methyl-2- 2091 

benzothiazoline hydrazone (MBTH; Sigma Aldrich, Castle Hill, Australia). The 2092 
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samples were held at room temperature (in the dark) and the absorbance was 2093 

measured at 490 nm at 0 and 60 min after addition of the substrate. Phenoloxidase 2094 

activity was calculated as a rate over time. Data were adjusted for the total protein 2095 

content (Bio-Rad Bradford assay) of each sample and the absorbance of blanks (wells 2096 

containing PO substrates without HL). Data at each time-point are presented as fold 2097 

differences relative to the mean PO activity of the 0 min controls (no stress 2098 

treatment).  2099 

 2100 

2.6 Data analysis 2101 

Data analysis was performed using Minitab ver. 16.0 (Minitab Inc., USA, 2102 

2011). Two-way analysis of variance (ANOVA) were used to assess changes over 2103 

time and treatment. One-way ANOVAS followed by Tukey’s Post-Hoc multiple 2104 

comparisons were used to analyse differences between control and treated oysters 2105 

from the four treatments; chiselling, jets, chiselling and jets, and air alone. When 2106 

statistically significant differences were found, the data were reanalysed using 2107 

individual one-way ANOVAs to test the difference between time-points. Differences 2108 

were considered statistically significant at p ≤ 0.05. 2109 

 2110 
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 2115 

 2116 

 2117 
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3. Results 2118 

3.1 PO activity in mature oysters exposed to jets, chisel, and jets + chisel 2119 

Two-way ANOVA comparing all three treatments against the control over 2120 

time showed there were significant differences in PO activity relative to the controls 2121 

over time (p = 0.001) but not between treatments (p = 0.391). One-way ANOVAs 2122 

showed that PO activity was significantly lower than controls (by 56%) in oysters 2123 

treated by chiselling after 48h (Fig. 2A; p = 0.016). Phenoloxidase activity in oysters 2124 

treated with jets and chisel + jets was also lower than controls (43% and 40% 2125 

respectively). However, one-way ANOVAs showed that these responses were not 2126 

statistically significant when compared to controls (jets, p = 0.059 and jets + chisel, p 2127 

= 0.060). Ninety-six hours after treatment, PO activity was significantly greater than 2128 

controls in oysters subjected to jets + chisel (p = 0.001; 2.61 fold increase), as well as 2129 

in oysters treated with jets alone (p = 0.004, 2.06 fold increase). Oysters treated by 2130 

chiselling only also showed elevated levels of PO activity (1.74 fold increase). 2131 

However, this increase was not statistically significant when compared to controls (p 2132 

= 0.056). One-way ANOVAS also showed that PO activity in controls did not differ 2133 

significantly over time, while treatment with the jets, and jets + chisel, had 2134 

significantly higher PO activity at 96h relative to the 0h time-point (p = 0.006 and p = 2135 

0.004 respectively).  2136 

 2137 

3.2 PO activity in mature oysters stressed air exposure 2138 

Phenoloxidase activity declined significantly 48h after mature oysters were 2139 

exposed to air (p = 0.046; Fig. 3B; by 43%). Following this decline, PO levels 2140 

increased significantly (by 2.60 fold) relative to the controls after 96h (p = 0.023). 2141 

Overall, PO activity increased significantly over time in air-treated oysters (p = 2142 
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0.004), while PO activity in control oysters did not differ significantly over time (p = 2143 

0.489).  2144 

 2146 

 2148 

 2150 

 2155 

 2162 

 2164 

 2166 

 2168 

 2170 

Figure 2. Fold differences (relative to the 0 time-point) of PO activity in haemolymph 2171 

from mature oysters stressed by jets, chisel, and jets + chisel. * Denotes a significant 2172 

difference between treatment and control values for that time point (p-value > 0.05). 2173 

Error bars represent standard error of the mean. 2174 
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 2182 

 2184 

 2186 

 2188 

 2190 

 2192 

 2196 

 2198 

 2200 

 2202 

 2204 

Figure 3. Fold difference (relative to the 0 time-point) in PO activity of mature 2205 

oysters stressed by air. * Denotes a significant difference between treatment and 2206 

control values for that time point (p-value > 0.05). Error bars represent standard error 2207 

of the mean. 2208 

 2209 

3.3 PO activity in juvenile oysters exposed to air  2210 

Two-way ANOVA showed there to be a significant difference between 2211 

controls and treatments (p = 0.004), but not over time (p = 0.126). Subsequent one- 2212 

way ANOVAs showed that, 24h after juvenile oysters were exposed to air, PO 2213 

activity was significantly greater (by 2.07 fold) than non-treated controls (p = 0.000; 2214 

Fig. 4). After 96h, PO levels in air-exposed juveniles were 5.56 fold higher than those 2215 

of non-treated controls (p = 0.027).  2216 
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 2218 

 2220 

 2222 

 2224 

 2226 

 2228 

 2230 

 2232 

 2234 

 2236 

 2238 

Figure 4. Phenoloxidase activity in juvenile oysters stressed by air. * denotes a 2239 

significant difference between treatment and control values for that time point (p- 2240 

value > 0.05). Error bars represent standard error of the mean. 2241 
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4. Discussion 2253 

Aquaculture necessitates husbandry and handing practices that can introduce 2254 

new, and/or exacerbate existing, stressors. The current study indicates that common 2255 

stressors associated with anti-fouling (exposure to air, treatment with high-powered 2256 

water jets, or being struck with a chisel) alter PO activity in the economically 2257 

important pearling species, P. maxima.  2258 

 Pearl oyster cultivation is a highly lucrative industry. However, it relies upon 2259 

healthy oysters to produce quality products. In order to maximize growth and yield, it 2260 

is important to understand the interactions of introduced stress and its implications on 2261 

oyster health and the spread of opportunistic pathogens. Fouling biota have been 2262 

shown to negatively affect the development and growth of commercially cultivated 2263 

oysters (Mohammad, 1976; Chellam, 1978, Taylor et al., 1997). A study by Jakob and 2264 

Wang (1994), found that bi-weekly antifouling promoted growth of C. virginica, 2265 

while regular net changes in the giant scallop, Placopecten magellanicus, resulted in a 2266 

68% increase in muscle weight (Claereboudt et al., 1994). Hence, it has been 2267 

considered necessary to remove fouling organisms periodically during farming. 2268 

However, the anti-fouling processes may themself exacerbate stress (Parsons and 2269 

Dadswell, 1992). Previous studies have shown that stress (exposure to air, MA and 2270 

hypo-salinity) can adversely affect both physiological and immunological functions in 2271 

pearl oysters (Kuchel et al., 2010), while repeated manual handing of juvenile 2272 

scallops can result in mortality (Ventilla, 1982). 2273 

Stressors such as low salinity and starvation are known to affect the immune 2274 

responses of many marine invertebrates. Lacoste et al. (2001a) identified a specific 2275 

physiological mechanism behind such stress-related immuno-deficiency in C. gigas. 2276 

Haemolymph from stressed oysters was found to have elevated levels of the hormone, 2277 
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noradrenaline (NA; Lacoste et al., 2001a). Increased NA concentrations were shown 2278 

to inhibit immune responses, such as phagocytosis and the production of ROS 2279 

(Lacoste et al., 2001a). In other studies, C. gigas were exposed to different grading 2280 

techniques; rotary, inside/out and flatbed (Qu et al., 2009). During the 48h test period, 2281 

significant increases in dopamine and NA were recorded in oysters exposed to both 2282 

the flat bed and inside/out graders. The rotary grader was found to induce the least 2283 

amount of stress (Qu et al., 2009). These findings are comparable to those more 2284 

recently with P. imbricata, which suggested that immunosuppression may be part of a 2285 

NA-mediated physiological stress response (Kuchel and Raftos, 2011a).  2286 

Changes in PO activity resulting from stress have been investigated as a 2287 

potential explanation for the onset and proliferation of QX disease in Sydney rock 2288 

oysters. Butt et al. (2006) performed in vitro experiments comparing the effects of 2289 

salinity on immunocompetence, including the PO cascade. Oysters were exposed to 2290 

water obtained from areas suffering severe QX outbreaks, and with artificially diluted 2291 

oceanic seawater. The seawater collected from QX affected sites was known to have 2292 

reduced salinity due to heavy rainfall. Both of these treatments elicited a dramatic 2293 

decline in PO activity, suggesting that decreased salinity suppresses PO activity (Butt 2294 

et al., 2006). This conclusion was supported by field trials that exploited the natural 2295 

salinity gradient in the Georges River, Sydney (Butt et al., 2006). Oysters situated up- 2296 

stream in less saline conditions had lower PO activities than those closer to the ocean. 2297 

Oysters at upstream sites were also far more susceptible to QX disease. Butt et al. 2298 

(2006) concluded that the stress of low salinity causes PO activity to decline, resulting 2299 

in opportunistic infection. In other studies, decreases in salinity have also been shown 2300 

to negatively affect PO expression or activity in the yellow leg shrimp, 2301 

Farfantepenaeus californiensis (Vargas-Albores et al., 1998). Similar immuno- 2302 
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suppression associated with disease susceptibility has been illustrated in other marine 2303 

bivalves, including Mytilus edulis (Grundy et al., 1996; Butt et al., 2006) and the 2304 

oysters, C. virginica (Anderson et al., 1996: Fisher et al., 1999; Butt et al., 2006) and 2305 

C. gigas (Lacoste et al., 2001b, 2001c).   2306 

Butt et al. (2006, 2007) also identified a number of additional environmental 2307 

parameters, including starvation, that suppress the oyster immune system. The 2308 

frequency of haemocytes and PO activity declined significantly when the dietary 2309 

intake of oysters was halved over a 2-week period (Butt et al., 2007). These results are 2310 

comparable to those obtained for other marine invertebrates, such as the Eastern 2311 

oyster (C. virginica; Hegaret et al., 2004) and the Pacific oyster (C. gigas; Zhang and 2312 

Li 2006). Tanner et al. (2006) investigated the effect of hypoxia hypercapnia and pH 2313 

on PO activity in the Atlantic blue crab, Callinectes sapidus. Phenoloxidase activity 2314 

declined significantly with decreases in pH and oxygen (Tanner et al., 2006). Previous 2315 

studies have investigated the effects of hypoxia hypercapnia on immunocompetence 2316 

by injecting sub-lethal doses of Vibrio campbellii into C. sapidus (Holman et al., 2317 

2004). Blue crabs that were stressed by hypoxia hypercapnia had much higher 2318 

bacterial loads than control crabs (Holman et al., 2004).  2319 

Recent studies investigating the effects of environmental stressors (MA, 2320 

exposure to air, and hypo-salinity) on immunological activity in P. imbricata have 2321 

also shown that these stressors significantly reduce both phagocytosis and PO activity 2322 

(Kuchel et al., 2010). In addition, Aladaileh et al. (2008) found that the stress 2323 

hormone, NA, significantly retards PO activity in S. glomerata. This depression in PO 2324 

activity may be attributed to a decline in the frequency of defensive haemocytes. 2325 

Kuchel and Raftos (2011a) showed that NA induced both early and late stage 2326 
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apoptosis among P. imbricata haemocytes. This response may be one explanation for 2327 

a decline in immunological activity amongst stressed oyster populations.  2328 

Following on from these laboratory-based experiments, the current study 2329 

shows that the husbandry and handling associated with pearl oyster antifouling in the 2330 

field can alter PO activity. After 48h, PO activity declined by ≥ 40% in mature, 2331 

treated oysters relative to the controls. These declines maybe the result of a rapid 2332 

decrease in the frequency of haemocytes from the circulating haemolymph, through 2333 

apoptotic processes similar to those described by Kuchel and Raftos (2011a) and 2334 

Aladaileh et al. (2008). Following the initial decline, PO activity increased 2335 

significantly in mature oysters exposed to air, jets, and jets + chisel such that PO 2336 

activity was 2.61, 2.06, and 2.61 fold greater than controls after 96h. Similar increases 2337 

in PO activity after acute stress has been documented in the shrimp, Fenneropenaeus 2338 

chinensis by Liu et al. (2006). These authors propose that after an initial decline in PO 2339 

activity, subsequent significant increases in PO expression resulted as a compensatory 2340 

mechanism (Liu et al., 2006). 2341 

Comparatively, juvenile oysters exposed to air were found to have 2342 

significantly elevated PO activity for the duration of the experiment. Few studies have 2343 

compared the immunological responses of juvenile and mature bivalves. In 2006, 2344 

Guenther et al. showed that juvenile P. fucata fouled significantly less than mature 2345 

oysters. These authors suggested that juvenile oysters should be subject to cleaning 2346 

less frequently than adults. More recently, Schleder et al. (2008) compared the 2347 

immunological activity of both mature and juvenile scallops, (Nodipecten nodosus). 2348 

Their results showed that PO activity was significantly higher in juvenile scallops 2349 

stressed by alkaline conditions than mature scallops. These results compliment our 2350 

current findings.  2351 
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In conclusion, our study has shown that stress induced by pearl oyster 2352 

cultivation/antifouling can alter the short-term activity of PO and so may affect its 2353 

associated immunological functions. Currently, the industry lacks a commercially 2354 

useful assay for stress in oysters. Due to its apparent changes in activity, we posit that 2355 

PO activity might be a useful stress biomarker with industry-related applications for 2356 

both pearl oysters and other aquaculture species.  2357 
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Preface 2647 

Molecular biomarkers provide the potential to understand the mechanisms by 2648 

which marine organisms respond to environmental and anthropogenic stressors. The 2649 

expression of these genes are valuable indicators of physiological state. The aim of 2650 

this Chapter was to investigate the effects of stress on antioxidant activity 2651 

(peroxiredoxin, PRx; glutathione-S-transferase, GST; glutathione peroxidase, GPx) 2652 

and the generic stress biomarker heat shock protein (HSP-70) induced by husbandry 2653 

and handling. We exposed to oysters to either air or mechanical agitation (MA). Both 2654 

PRx and GPx declined by up to 50% 60 min after treatment with both MA and air, 2655 

while GPx transcription declined significantly 60 min after exposure to MA. HSP-70 2656 

expression did not vary between 60 min and 6 h, this result was possibly due to inter- 2657 

animal variability. In Chapter Three we showed that the stress hormone, 2658 

noradrenaline (NA), can induce apoptosis in defensive haemocytes of P. imbricata. 2659 

Based on previous findings, we hypothesised that these responses to environmental 2660 

stress may be due to; 1, cells that produce reactive oxygen species (ROS) dying due to 2661 

apoptosis, which then causes a decline in the production of oxidative stress genes; or 2662 

2, increases in stress-induced NA levels cause a decrease in the expression of 2663 

antioxidant genes, which results in an increase in ROS leading to apoptosis. 2664 

 2665 

 2666 

 2667 

 2668 

 2669 

 2670 

 2671 
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Abstract 2697 

The Akoya pearl oyster is an economically important species farmed 2698 

throughout Japan and China, and on a small scale in Australia. Recent proliferation of 2699 

Akoya viral disease (AVD) has dramatically reduced both wild and farmed 2700 

populations in Asia. It is thought that AVD is exacerbated by anthropogenic pressures 2701 

associated with over-crowding and stress caused by fluctuations in the environment, 2702 

as well as by husbandry and handling. To test the effects of these stressors, the 2703 

differential expression of genes encoding three antioxidant enzymes (peroxiredoxin, 2704 

PRx; glutathione-S-transferase, GST; glutathione peroxidase, GPx) and the generic 2705 

stress biomarker heat shock protein, HSP-70, was investigated using quantitative real- 2706 

time PCR on mRNA extracted from gill tissues of P. imbricata that had been exposed 2707 

to either mechanical agitation (MA) or air. We observed a significant decline (up to 2708 

50%) in the expression of both GST and PRx 60 min after oysters were exposed to air 2709 

and MA. GPx transcription declined significantly 60 min after exposure to MA. 2710 

Hierarchical cluster analysis and multidimensional scaling (MDS) demonstrated that 2711 

even though no significant differences were identified in the expression of these genes 2712 

6 h after exposure to stress, there was still a clear differentiation between the controls 2713 

and the two stress treatments. After 6 h, MDS plots showed antioxidant expression 2714 

returning to near control levels. MDS plots also demonstrated that there was no clear 2715 

distinction between exposure to air or MA, suggesting that air exposure is the 2716 

causative agent of stress, not MA. HSP-70 expression also declined when oysters 2717 

were exposed to both stressors, but these decreases were not statistically significant. 2718 

Overall, the results suggest that the antioxidant systems of oysters are affected by 2719 

exposure to air. This contributes to a growing understanding of short-term stress 2720 

responses in bivalve molluscs and their potential effects on cellular homeostasis.  2721 
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1. Introduction 2722 

The Akoya pearl oyster, Pinctada imbricata, is a commercially important 2723 

aquaculture species cultivated throughout Japan and China for both its meat and 2724 

pearls. Since 1996, productivity in Asia has declined significantly due to the 2725 

proliferation of Akoya viral disease (AVD), from which 150 million oysters have 2726 

perished (Beard and Wade, 2002; Pit, 2004). The outbreak of disease and its 2727 

continuing proliferation has been linked to environmental stress associated with 2728 

increasing urbanisation and industrialisation (O’Connor et al., 2003). The decline in 2729 

Asian cultured Akoya pearls has created an opportunity for other pearling nations, 2730 

including Australia, to enter the market. In 2003, the New South Wales Department of 2731 

Primary Industries (NSW DPI) and Radiata Pty Ltd began to assess the viability of 2732 

Akoya pearl culture in Port Stephens, Australia (O’Connor et al., 2003). Results from 2733 

initial studies on the viability of this industry were encouraging and a commercial 2734 

Akoya pearl oyster venture is now in operation. 2735 

Intertidal marine invertebrates, such as oysters, are exposed to a range of 2736 

stressors including fluctuations in water temperature, salinity, tidal/wave action, food 2737 

availability, and predation, all of which can impact on their physiology (Lacoste et al., 2738 

2002a; Malham et al., 2003; Butt and Raftos, 2006; de Almeida et al., 2007; Kuchel et 2739 

al., 2010). Research investigating environmental stress has led to the development of 2740 

a number of molecular indicators of environmental stress, most notably, stress- 2741 

associated genes, such as heat shock protein (HSP-70), glutathione-S-transerferase 2742 

(GST), peroxiredoxin (PRx), and glutathione peroxidase (GPx; Clegg et al., 1998; 2743 

Gestal et al., 2007; Fabbri et al., 2008). The regulation and expression of these genes 2744 

are valuable indicators of physiological states in marine bivalves and they provide the 2745 

potential to understand the mechanisms by which marine organisms respond to 2746 
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environmental and anthropogenic stressors (Dahlhoff, 2004). 2747 

Pearl oyster farming involves a range of practices that either introduce new, or 2748 

exacerbate existing stressful conditions. These include antifouling and sorting (often 2749 

associated with emersion), starvation prior to nucleation, and byssal thread excision. 2750 

In addition, Australian P. imbricata are typically farmed in estuaries that are 2751 

influenced by freshwater inflows at the southern extent of the species range. Sub- 2752 

lethal periods of stress associated with aquaculture practices have been shown to 2753 

affect normal physiological functions including the effectiveness of cellular stress and 2754 

immune responses, involving the production of reactive oxygen species (ROS; 2755 

superoxides and peroxides; Lee and Söderhall, 2002). Low concentrations of ROS are 2756 

essential for normal physiological functions. However, excess accumulation can result 2757 

in the production of hydroxyl radicals (OH), or hydroxylchlorous acid, leading to 2758 

oxidative stress (Wang et al., 2010). Oxidative stress typically causes lipid 2759 

peroxidation, protein oxidation, DNA breakage and point mutations, and apoptosis 2760 

(Nikapitiya et al., 2009). To combat the accumulation of ROS, antioxidant enzymes 2761 

such as PRx, GPx, and GST reduce levels of H2O2, as well as organic peroxides and 2762 

peroxynitrite (Diet et al., 2007; Cong et al., 2009).  2763 

Understanding these molecular responses could provide important new 2764 

insights into the cellular stress responses that influence the limits of P. imbricata’s 2765 

tolerance. In this study, we used real-time polymerase chain reaction (qRT-PCR) to 2766 

measure the expression of genes encoding PRx, GPx, GST and HSP-70 in P. 2767 

imbricata that had been subjected to mechanical agitation (MA) and/or exposure to 2768 

air.  2769 

 2770 

 2771 
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2. Materials and Methods 2772 

2.1 Animals 2773 

Oysters were kindly supplied by W. O’Connor and K. Johnston (NSW 2774 

Department of Primary Industries), who obtained them from Broken Bay Pearls Pty 2775 

Ltd. (Tuncurry, NSW; 33º27’S 151º14’E). Oysters were housed in 45 L aquaria with 2776 

a flow-through sea water system maintained at 22 °C. The oysters were fed every two 2777 

days with Nosan M-1 diet (Aquasonic Pty Ltd, Wauchope, NSW). 2778 

 2779 

2.2 Experimental design 2780 

To test the effects of stress on gene expression in P. imbricata, oysters were 2781 

exposed to two treatments; mechanical agitation (MA) or exposure to air (Figure. 1). 2782 

A total of 3 aquaria housed 21 oysters each. For MA, 3 oysters from each aquaria 2783 

were placed dry on an MS1 Minishaker (Crown, Scientific, NSW, Australia) and 2784 

shaken for 10 min at 300 rpm. The oysters were then left exposed to air for a further 2785 

50 min before gill tissue was harvested (60 min time-point). To investigate gene 2786 

expression at a later time-point, the above treatment was repeated with another set of 2787 

9 oysters (3 selected from each aquaria) that were returned to the aquaria at the end of 2788 

the 60 min MA treatment for a further 5 hours before their gill tissues were harvested 2789 

(6 h time-point). To investigate the effects of air exposure alone, 3 oysters from each 2790 

of the 3 aquaria were removed and left on the bench for 60 min before their gill 2791 

tissues were harvested. Another group of nine oysters, were returned to the aquaria at 2792 

the end of the 60 min air exposure for a further 5 hours before their gill tissues were 2793 

harvested (6 h time-point).  2794 

 2795 

 2796 

  2797 
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 2799 

 2801 

 2803 

 2805 

 2807 

 2809 

 2814 

 2816 

 2818 

 2820 

 2822 

 2824 

Figure 1. Schematic representation of the experimental design.  2825 

 2826 

2.3 Tissue sampling and RNA extraction  2827 

Gill tissue was extracted from each oyster by severing the adductor muscle 2828 

and excising gill tissue. The extracted tissue was immediately immersed in 500 µL 2829 

RNA-later (Invitrogen, Vic, Australia). Samples were stored at -80 ºC. When 2830 

required, gill tissue was removed from RNA-later and pulverized in liquid nitrogen 2831 

with a sterile mortar and pestle. Total RNA was then extracted from the pulverized 2832 

tissue using Tri Reagent according to the manufacturer’s instructions (Sigma-Aldrich, 2833 

Castle Hill, NSW, Australia). The RNA was re-suspended in 50 µL of DNAse/RNAse 2834 

free water and quantified using a Nanodrop spectrophotometer (Nd-1000, NanoDrop 2835 

Technologies, DE, USA) at 230 nm, 260 nm, 280 nm and 320 nm to obtain estimates 2836 
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of RNA quantity and quality. Total RNA was stored at -80 ºC. 2837 

 2838 

2.4 Reverse transcription 2839 

Three µg of template RNA from each oyster, 1 µl of Oligo dT Primer 2840 

(SPAncRT; 50 µM), 1 µl of dNTP mix (10 mM) and RNase free water (made up to 13 2841 

µl) were mixed and heated to 65 ºC for 10 min before being cooled on ice for 1min. 2842 

Reverse transcription was undertaken using Super Script-III (SS-III) Reverse 2843 

Transcription kits (Invitrogen, Vic, Australia) with working solutions of 4 µl of first 2844 

strand buffer (5 X concentration), 1 µl of DTT (0.1 mM), 1 µl of RNaseOut and 1 µl 2845 

of SS-III RT. Reverse transcription was performed in a Bio-Rad thermocycler at 46 2846 

ºC for 1.5 h, followed by 70 ºC for 15 min, and then cooled to 4 ºC. cDNA quality 2847 

was assessed using a 1 % formaldehyde gels (20 mM MOPS, 5 mM CH3COONa, 1 2848 

mM EDTA, 7.4 % formaldehyde). cDNA samples were stored at -20 ºC. 2849 

 2850 

2.5 Primer design and semi quantitative polymerase chain reactions 2851 

The expression of antioxidant genes (glutathione-s-transferase (GST), 2852 

glutathione peroxidase (GPx), peroxiredoxin (PRx), the generic stress response 2853 

marker heat shock protein-70 (HSP-70), and the putative housekeeping genes 2854 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), elongation factor-1 (EF-1) and 2855 

18S was analysed using real-time PCR (qPCR). Primers were designed from 2856 

nucleotide sequences identified using NCBI BLAST 2857 

(blast.ncbi.nlm.nih.gov/Blast.cgi) with Primer 3 software (frodo.wi.mit.edu/primer3/). 2858 

Table 1 summarizes the primers designed. To confirm that the primers amplified 2859 

single products, semi-quantitative PCR amplifications were performed using 3 µg of 2860 

each cDNA sample in a 50 µL reaction containing 10 mM of each dNTP, 25 mM 2861 
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MgCl2, 5 x Taq buffer, Taq polymerase (Invitrogen), and primer pairs made up to 50 2862 

µL using RNase free water. The cycling conditions consisted of a 2 min denaturation 2863 

at 94 °C followed by 34 cycles of heat denaturation at 94 °C for 30 s, annealing at 55 2864 

°C for 30 s, and polymerization at 72 °C for 1 min, and a final extension of 5 min at 2865 

72 °C. For each primer set, a negative control without cDNA was performed. 2866 

Products were run on 0.7 % agarose gels to confirm the presence of a single product 2867 

for each primer pair. 2868 

Table 1. Primer nucleotide sequences.  2869 

Primer 
 

Forward (sense) Reverse (antisense) Source 

peroxiredoxin CGTTAAAGGCAGCCAATCAT TGGACAGATGGACGGACATA 
GU362543, P. fucata 
(Jiang et al., 2009) 

glutathione 
peroxidase TCCTGGAGACGGATACGAAC TCCCTTTGTTTGGCTGTACC 

GU362541, P. fucata 
(Jiang et al., 2009) 

glutathione-s-
transferase AGCTGGGCGATATAGTGGTG CCATGGCCATAAAGCAAAAT 

GU362542, P. fucata 
(Jiang et al., 2009) 

heat shock 
protein - 70 CGAAAACAAACGAGCAGTGA ACAAAATGGCTGCCTGTACC 

EU822509, P. fucata 
(Wang et al., 2009) 

GAPDH GGGGTGAATGAGGACAGCTA AGATACAGGCACACGGAAGG 

AB205404, P. fucata 
(Takeuchi and Endo 
2006) 

18S AGCCCTTTGCTTGTCTCAAA CGTTTCTCATGCTCCCTCTC 
AB205404, P. fucata 
(Zhang et al., 2001) 

EF-1 GCGCCTGTCCTTGATTGCCACA ACGGTCTGCCTCATGTCACGGA 

EF502000, 
Crassostrea 
ariakensis (Yang and 
Wu 2007) 

 2870 

2.6 Qualitative Real-Time PCR 2871 

After confirming that the primers amplified single products, quantitative 2872 

expression was analyzed using qRT-PCR. Three serial dilutions (1/5, 1/25 and 1/125) 2873 

were performed for each cDNA sample. qRT-PCR reactions were performed in 2874 

triplicate using KAPA SYBR FAST qPCR system (KAPA Biosystems Inc. Woburn, 2875 

MA, USA) on a Mastercycler EP Realplex thermal cycler (Eppendorf, Hamburg, 2876 
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Germany). One microliter of template was mixed with 0.1 µL of forward and reverse 2877 

primers and made up to a final volume of 20 µL with KAPA SYBR FAST master 2878 

mix. qPCR reaction conditions were as follows: 95 °C for 2 min, followed by 40 2879 

cycles of 95 °C for 15 s, 63 °C for 30 s and elongation for 30 s at 72 °C. At the 2880 

completion of the qPCR reaction, melting curve analysis was performed to detect any 2881 

non-specific amplification.  2882 

 2883 

2.7 Analysis of qPCR data  2884 

Raw Ct values from the serial dilutions for each sample were averaged and 2885 

fitted to a linear regression. The linear regression was used to calculate the 2886 

amplification efficiency (E) of each qRT-PCR reaction using the following formula: 2887 

 2888 

E = 10 + 1(-1/slope) 2889 

 2890 

GAPDH, 18s and EF-1 were tested as potential housekeeping genes. The most stable 2891 

housekeeping gene was determined using the NormFinder applet for Microsoft Excel 2892 

(www.mdl.dk/publicationsnormfinder.htm; Andersen et al., 2004). In all cases, 2893 

GAPDH proved to be the most suitable gene, and was therefore selected as the house 2894 

keeper (reference) gene for subsequent analyses. For each of the target genes tested, 2895 

GPx, PRx, GST, HSP-70, GAPDH, 18s and EF-1, individual Ct values were 2896 

transformed to relative ΔCT values using the following formula: 2897 

 2898 

ΔCt = Ct(target/stress) – Ct(control), 2899 

 2900 

where target/stress represents the average (3 oysters per aquaria) 1/5 dilution Ct value 2901 
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from treated (air or MA) oysters, subtracted from the average 1/5 dilution Ct value 2902 

from control oysters from the corresponding aquaria (Pfaffl 2001).  2903 

The relative expression/fold difference (ΔΔCt) was then calculated as: 2904 

 2905 
ΔΔCt = E ΔCt(target)/ E ΔCt(house keeper/GAPDH) 2906 

 2907 

2.8 Statistical analysis 2908 

Two-way analysis of variance (ANOVA) followed by Tukey’s Post-Hoc 2909 

multiple comparisons tests were used to analyze differences between untreated 2910 

controls and air or MA treated oysters using Minitab ver. 16.0 (Minitab Inc., USA, 2911 

2011). When statistically significant differences were found, the data were re- 2912 

analyzed using one-way ANOVAs to test differences between individual time-points. 2913 

Results were considered significant when P < 0.05. Data were also subjected to 2914 

multivariate analysis using Primer 6 (Primer-6 Ltd., Lvybridge, UK, 2011). The 2915 

average 1/5-dilution CT values of GPx, PRx and GST for stress treatments were 2916 

transformed (square root) and plotted against the control at the 60 min and 6 h time- 2917 

points using Bray-Curtis matrices with multidimensional scaling and hierarchical 2918 

cluster analysis.  2919 

 2920 

 2921 

 2922 

 2923 

 2924 

 2925 

 2926 

 2927 
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3. Results  2928 

3.1 Variation in the expression of individual genes  2929 

Exposure to both MA and air after 60 min resulted in a significant (p < 0.05) 2930 

transcriptional down regulation of PRx (by 30.7 % and 28.8 % respectively) and GST 2931 

(by 57.1 % and 35.9 % respectively) in comparison to controls (Figure 2. A and C). 2932 

GPx expression declined significantly in oysters exposed to MA (32.2 %) but not air 2933 

60 min after exposure (Figure 2. B). HSP-70 expression did not differ significantly in 2934 

oysters exposed to MA or air after 60 min (Figure 2. D).  None of the target genes 2935 

differed significantly in expression relative to controls 6 h after treatment (Figure 2. A 2936 

- D).  2937 

 2938 

3.2 Multivariate analysis 2939 

Both MDS and hierarchical cluster analysis of combined GPx, PRx, and GST 2940 

expression data revealed substantial differences between controls and both treatments 2941 

at both time-points (Figure 3. A and B). Controls tested at 60 min and 6 h clustered 2942 

together, whereas time after treatment had the greatest effect on oysters subjected to 2943 

MA and air. Hence, the MA and air treatments clustered together at the 60 min and 6 2944 

h time-points. There was a clear distinction between 60 min and 6 h in the combined 2945 

expression data, with the 6 h treatments lying intermediate between controls and the 2946 

60 min time-point. 2947 

 2948 

 2949 

 2950 

 2951 

 2952 

 2953 
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 2954 

 2955 

 2956 

 2957 

 2959 

 2961 

 2965 

 2976 

 2979 

 2981 

 2983 

 2989 

 2990 

Figure 2. (A) Fold change in the expression of peroxiredoxin, (B) glutathione 2991 

peroxidase, (C) glutathine-S-transferase, and (D) heat shock protein-70. MA; 2992 

mechanical agitation, * denotes a significant difference relative to the untreated 2993 

control (p < 0.05).  2994 
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 3035 

 3039 

 3041 

 3043 

Figure 3.  (A) multidimensional scaling plot based upon Bray-Curtis matrices of 3044 

square root transformed data and, (B) cluster analysis of the average CT values of 3045 

glutathione-S-transferase, glutathione peroxidase, peroxiredoxin at 60 min and 6 h.  3046 
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4. Discussion 3049 

This study demonstrates that both exposure to air and MA lead to the short- 3050 

term inhibition of the transcription of antioxidant enzymes in P. imbricata. Husbandry 3051 

and handling commonly associated with pearl oyster aquaculture often introduces 3052 

these acute forms of stress (Lacoste et al., 2002a). Molluscs possess a range of 3053 

enzymes involved in antioxidant defence. Among these, GPx (a selenium-dependent 3054 

enzyme) actively catalyses the reduction of hydroperoxides (ROOH) and H2O2 using 3055 

glutathione as the reducing substrate (Zhang et al., 2011).  Similarly, PRx reduces 3056 

H2O2 to H2O + O2. GPx and PRx are typically distributed throughout the cytoplasm 3057 

and protect against membrane degradation resulting from oxidative stress. GPx also 3058 

plays an important role in the immune system and its activity has been documented in 3059 

a range of invertebrates including in the freshwater bivalve, Unio tumidus (Doyen et 3060 

al., 2006), and the Zhikong scallop, Chlamys farreri (Mu et al., 2010; Zhang et al., 3061 

2011). GSTs are a ubiquitous group of multifunctional phase II detoxifying enzymes 3062 

present in all animals, plants, and microorganisms (Kim et al., 2009; Park et al., 2009; 3063 

Jena et al., 2009). They detoxify potentially harmful electrophillic substrates, such as 3064 

hydrocarbons, by attaching glutathione (Ketterer et al., 1983; Willett et al., 2000). 3065 

They also play an important role in the removal of ROS, the regulation of redox 3066 

balances, as well as stress-mediated cell signaling pathways and apoptosis (Konings 3067 

and Penninga, 1985; Cho et al., 2001; Wang et al., 2001; Siritantikorn et al., 2007; 3068 

Kim et al., 2009). Given the crucial function of these enzymes, monitoring their 3069 

expression in response to stress is rapidly becoming an important component of 3070 

environmental and ecotoxicological studies (Williams et al., 2003).  3071 

Other common molecular biomarkers of environmental stress include HSPs, 3072 

which are a family of highly conserved molecular chaperones (Clegg et al., 1998). 3073 
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HSPs maintain protein structure and function in cells by preventing proteins from 3074 

unfolding or assist in refolding denatured proteins (Morimoto et al., 1994; Hartl, 3075 

1996; Clegg et al., 1998). These proteins are synthesized under ‘stressful’ conditions 3076 

(not exclusively temperature) or physiological perturbation and have been identified 3077 

in a range of bivalve molluscs including; C. gigas (Farcy et al., 2009), Mytilus 3078 

galloprovincialis (Anestis et al., 2007), M. edulis (Chapple et al., 1997), 3079 

Bathymodiolus childressi (Berger and Young 2006), Ostrea edulis (Boutet et al., 3080 

2003). 3081 

We used qRT-PCR to examine the expression of PRx, GPx, GST and HSP-70 3082 

in Akoya oysters that had been exposed to air and MA under controlled laboratory 3083 

conditions. Glutathione-S-transerfase and PRx transcription declined significantly 60 3084 

min after oysters were exposed to both air and MA, whilst GPx expression decreased 3085 

significantly 60 min after oysters were exposed to MA. Similar significant decreases 3086 

in the expression of antioxidant genes were not evident after 6 h. However, 3087 

hierarchical cluster and MDS analysis showed that gene expression 6 hrs after stress 3088 

was clearly distinct from controls, and was intermediate between the controls and the 3089 

60 min time-point. In addition, the MDS analysis showed that combined expression of 3090 

the antioxidant genes after MA and exposure to air did not differ from each other at 3091 

either time-point. This suggests that exposure to air, which was a component of both 3092 

treatments, is the main causative agent of stress and that agitation does not have an 3093 

additional synergistic effect.  3094 

Given these observations, responses of antioxidant gene expression to 3095 

environmental stress indentified in the current study may be due to the death of cells 3096 

that produce antioxidant enzymes due to NA-induced apoptosis. Alternatively, 3097 

increases in stress induced NA may directly cause a decrease in the expression of 3098 
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antioxidant genes, which results in an increase of intracellular ROS, causing oxidative 3099 

stress that stimulates apoptosis. A number of studies have shown that stress can 3100 

decrease the expression of antioxidant genes and circulating ROS. In a study by 3101 

Ahmad et al. (2000) GPx activity was found to be reduced in the catfish, Channa 3102 

punctatus, after exposure to paper mill effluent (1%), while PRx was found to be 3103 

down-regulated in Haliotis discus discus (H. discus) upon exposure to haemorrhagic 3104 

septicaemia virus (VHSV; Nikapitiya et al., 2009). This decline in PRx is of 3105 

significant immunological interest, as VHSV is a salmonid virus that does not infect 3106 

abalone.  3107 

It has also been shown that the transcriptional down-regulation of antioxidant 3108 

genes can result in short-term oxidative stress leading to increased apoptotic events 3109 

decreasing defensive haemocyte populations. In 2002a, Lacoste et al. showed there 3110 

was a decrease in phagocytosis among C. gigas haemocytes exposed to MA. Further 3111 

studies showed that the stress hormone, noradrenaline (NA), to be implicated with the 3112 

decrease in defensive cell populations due to apoptosis (Lacoste et al., 2002b). Kuchel 3113 

and Raftos (2011) also found exposure to NA induced apoptosis among defensive 3114 

haemocytes in P. imbricata. Similarly, Nikapitiya et al. (2009) found that oxidative 3115 

stress induced by the presence of H2O2 in disk abalone, H. discus, resulted in 3116 

apoptotic events, including the relocation of phosphatidylserines from the inner to the 3117 

outer membrane leaflet as detected by Annexin-V. In cells with up-regulated PRx VI, 3118 

the amount of H2O2 was reportedly reduced, thus protecting against DNA 3119 

fragmentation.  3120 

  3121 
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Preface 3371 

There have been numerous disease outbreaks in farmed marine invertebrates 3372 

over the past few decades. In 1996, the proliferation of Akoya viral disease (AVD) 3373 

dramatically reduced both wild and farmed populations of P. imbricata throughout 3374 

Asia. It is thought that AVD and the spread of many other marine pathogens is 3375 

exacerbated by anthropogenic pressures associated with over-crowding and stress 3376 

caused by fluctuations in the environment, as well as by husbandry and handling. In 3377 

these epizootics a number of studies have been conducted to investigate the 3378 

etiological agents and environmental conditions that may influence their relationship. 3379 

This Chapter synthesises the findings of others, as well as from my research, focusing 3380 

on how the environment may influence immunological status and the associated 3381 

spread of opportunistic pathogens.  3382 
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GENERAL DISCUSSION 3452 

 3453 

The relationship between the environment, stress and disease is dynamic and 3454 

often unpredictable (Le Mollac and Haffner, 2000). The growth of a robust and 3455 

economically successful pearl industry relies upon favourable conditions that 3456 

maintain and promote oyster health. The aim of this thesis was to characterize the 3457 

effects of environmental stress on immunological activity in pearl oysters, in part by 3458 

studying the relationship between hormonal stress responses and the oyster immune 3459 

system.  3460 

To meet this aim, Chapter Two focused on defining the functional morphology 3461 

and cytochemisty of P. imbricata haemocytes. The characterisation of haemocytes is 3462 

an imperative first step in defining immunological responses to disease and infection 3463 

because invertebrate blood cells are primary mediators of host defence. Three types of 3464 

haemocytes were characterized; granulocytes, hyalinocytes and serous cells, based on 3465 

the presence/absence of granules, and nucleus to cytoplasm ratios. Granulocytes were 3466 

the most common cell (62 ± 2.81%), followed by hyalinocytes (36 ± 2.35%), and 3467 

serous cells (2 ± 0.90%). Both granulocytes and hyalinocytes were involved in 3468 

phagocytic clearance activities. Granulocytes were more phagocytically active than 3469 

hyalinocytes, engulfing up to four times the amount of Congo red-stained yeast. 3470 

Cytochemical stains for phenoloxidase (PO), peroxidase, superoxide, melanin, and 3471 

neutral red (acidic vesicles), showed that enzymes and metabolites associated with 3472 

phagocytic activity and intracellular killing were localised in granules within 3473 

granulocytes (Pipe, 1992; Carballal et al., 1997; Arumugam et al., 2000). Granule size 3474 

was used to characterize three distinct granulocyte sub-types; small granulocytes 3475 

(4.00–5.00 µm in diameter) with small granules (0.05–0.5 µm in diameter), large 3476 
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granulocytes (5.00–9.00 µm in diameter) with large granules (0.50–2.50 µm in 3477 

diameter), and a combination form (5.00–9.00 µm in diameter) with both large and 3478 

small granules. 3479 

Hyalinocytes were characterized as possessing few or no granules and had a 3480 

‘silky hyaline’ appearance. Although hyalinocytes were involved in phagocytic 3481 

activities, they lacked many of the hydrolytic enzymes or metabolites associated with 3482 

intracellular killing. There has been much conjecture associated with the 3483 

developmental state of these cells (Cheng, 1984). A number of studies have suggested 3484 

hyalinocytes are a precursor to granulocytes (Mix, 1976). However, the 3485 

developmental state of hyalinocytes from P. imbricata does not appear to reflect the 3486 

models proposed by other authors. Wen et al. (1994) suggested that the extensive 3487 

presence of Golgi apparatuses is associated with cellular differentiation, which results 3488 

from the progressive formation of membrane-bound granules. In our current study, 3489 

Golgi apparatuses were observed in both granulocytes and hyalinocytes. Hence, the 3490 

simple presence or absence of Golgi apparatuses may not reflect the developmental 3491 

state of P. imbricata haemocytes.  3492 

The third cell type identified was the serous cell, also known as “brown cells” 3493 

or “rhogocytes”. These cells comprised 2.0 ± 0.9% of the total haemocyte population 3494 

and measured between 5 and 12 µm in diameter in suspension. These cells were 3495 

densely packed with large, non-fluorescent eosinophilic granules (up to 3.5 µm 3496 

diameter), that in other species are thought to be composed of a chemical complex 3497 

similar to that of lipofuscin, mucoprotein, glycoprotein, glycolipid and acid 3498 

mucopolysaccharides (Haigler, 1964; Cheng and Burton, 1966). It is not clear whether 3499 

serous cells perform any direct immunological function in P. imbricata. They did not 3500 

stain for defensive enzymes or products, such as PO, peroxidase, melanin or 3501 
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superoxide, and did not phagocytose Congo red-stained yeast. Serous cells are poorly 3502 

understood. However, they are thought to function either in waste sequestratoration, 3503 

or as storage compartments, and are produced by the Keber’s gland in Tapes 3504 

philippinarum (Haigler, 1964). 3505 

Perturbation in the different haemocyte types of oysters has been associated 3506 

with environmental stress (Fisher and Newell, 1986). Husbandry and handling 3507 

associated with aquaculture exposes farmed oysters to repeated and prolonged periods 3508 

of stress that may be implicated in a range of disease outbreaks and altered 3509 

immunological activity. For instance, proliferation of the Akoya viral disease (AVD) 3510 

throughout Japan is thought to be the result of overcrowding and industrialization 3511 

(O’Connor et al., 2003). Hence, in Chapter Three I investigated the effects of three 3512 

typical stressors, mechanical agitation (MA), low salinity, and exposure to air on the 3513 

immunocompetence of P. imbricata haemocytes.  3514 

The data demonstrated that different environmental stressors had variable 3515 

effects on total haemocyte counts, total protein content of haemolymph, granulocyte 3516 

to hyalinocyte ratio, acid phosphatase activity, PO activity and phagocytosis. Both 3517 

phagocytosis and PO activity decreased significantly when oysters were exposed to 3518 

all three stressors. Phenoloxidase is a key immunological enzyme involved in the 3519 

recognition and melanization of invading pathogens, while phagocytosis is the 3520 

foundation of cell-mediated defense (Cerenius and Söderhall, 2004). In a study by 3521 

Lacoste et al. (2002a), C. gigas exposed to mechanical agitation for 15 min showed a 3522 

significant decline in total haemocyte counts, phagocytosis and the production of 3523 

reactive oxygen species (ROS; superoxides and peroxides).  3524 

In my study, there were also transient decreases in total haemocyte counts 3525 

after MA and exposure to air, while significant increases in total haemocyte counts 3526 
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were evident after exposure to low salinity. The total protein content of haemolymph 3527 

increased significantly when oysters were stressed by MA and low salinity, but not by 3528 

exposure to air.  3529 

It is possible that these changes in haemocyte frequency and function 3530 

represent adaptive responses by different haemocyte populations. Previous studies 3531 

have proposed that during stressful events, circulating haemocytes may migrate from 3532 

the blood stream to the surrounding tissue responding to mechanical injury or 3533 

infection (Malham et al., 2003). Alternatively, haemocytes may respond to stressors 3534 

by providing nutrients and metabolic resources to certain tissues involved in 3535 

adaptation to stress and survival (Malham et al., 2003). 3536 

The effects of physiological stress on the phagolysosomal system identified in 3537 

Chapter Three did not appear to be consistent between stressors. Acid phosphatase 3538 

activity increased significantly when oysters were exposed to air, while MA and low 3539 

salinity caused no significant effects. Also, the numbers of granulocytes in the 3540 

haemolymph increased significantly when oysters were stressed by hypo-saline 3541 

conditions, while the relative abundance of granulocytes did not differ significantly 3542 

after MA or exposure to air. These differences may have differential effects on 3543 

immunocompetence. In 2006, Butt et al. demonstrated that hyposalinity, associated 3544 

with estuarine conditions, is directly correlated with QX disease outbreaks in 3545 

Saccostrea glomerata. These authors showed there is a natural infection gradient 3546 

associated with decreasing salinity in the Hawkesbury River, NSW, Australia, and 3547 

that low salinity affects a range of immune functions.  3548 

Environmental perturbations of the type presented in Chapter Three have also 3549 

been found to up-regulate the synthesis of stress hormones, such as noradrenaline 3550 

(NA) and dopamine (DO) in C. gigas, and that these hormones alter immune function 3551 
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(Lacoste et al., 2002a; Malham et al., 2003). Immunological parameters that are 3552 

known to be affected by these catecholamines (CA’s) include the frequency of 3553 

defensive haemocytes in haemolymph, the production of ROS, PO activity, and 3554 

phagocytosis (Lacoste et al., 2001b, 2001d, 2002b; Hegaret et al., 2003). Lacoste et 3555 

al. (2002a) and Aladaileh et al. (2008) also linked the secretion of CA’s with an 3556 

increase in apoptotic events among defensive haemocytes in C. gigas and S. 3557 

glomerata, respectively.  3558 

Given the key role that haemocytes play in immunocompetence, CA-induced 3559 

apoptosis of defensive haemocytes may be implicated with immunosuppression and 3560 

disease susceptibility, and could explain changes in haemocyte populations evident 3561 

after stress (Lacoste et al., 2002a). For this reason, in Chapter Four, I investigated the 3562 

effects of NA (0.0, 2.5, 5.0 and 10.0 ng NA/µg protein) on apoptosis in P. imbricata 3563 

haemocytes. Both early and late stage apoptotic markers were used to investigate the 3564 

effects of NA on haemocytes in vitro. The early onset of apoptosis can be identified 3565 

by a loss of plasma membrane phospholipid asymmetry, whereby membrane 3566 

phospholipids (i.e., phosphatidylserine; PS) translocate from the inner to the outer 3567 

membrane leaflet (Watanabe et al., 2002). Late stage apoptosis was identified by 3568 

DNA fragmentation (TUNEL assay). In my experiments, plasma membrane integrity 3569 

was found to decrease, while the frequency of TUNEL-positive cells increased with 3570 

increasing NA concentrations and over time. Noradrenaline-treated cells stained with 3571 

Annexin-V or TUNEL also displayed characteristic signs of apoptosis, including 3572 

membrane blebbing and DNA fragmentation, respectively.  3573 

Previous studies have implicated cytoskeletal rearrangement with the early 3574 

onset of apoptotic signal transduction (Van de Water et al., 1996; Ho et al., 2006). 3575 

Correspondingly, F-actin staining in NA-treated P. imbricata haemocytes 3576 
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demonstrated a disruption in cytoskeletal morphology, which was associated with 3577 

membrane blebbing and the production of F-actin encased apoptotic bodies. These 3578 

findings were reinforced by both TEM and SEM. Ultrastructural changes documented 3579 

in NA-treated haemocytes included condensation of both nuclear chromatin and the 3580 

cytoplasm, as well as the formation of apoptotic bodies, vacuolization and blebbing. 3581 

Noradrenaline has also been found to induce similar apoptotic changes in both plasma 3582 

membrane morphology and nuclear chromatin in C. gigas and S. glomerata (Lacoste 3583 

et al., 2002a; Aladaileh et al., 2008).  3584 

These changes in both the cytoskeleton and internal morphology were 3585 

matched by altered immunological function of P. imbricata haemocytes. 3586 

Noradrenaline was found to decrease the ability of haemocytes to adhere to glass 3587 

slides in both time and dose dependent fashions. Phagocytosis is a process that is 3588 

dependent on both cytoskeletal rearrangement and the ability of a haemocyte to 3589 

adhere to pathogens. For this reason, NA synthesis associated with environmental 3590 

perturbations may affect the defensive function of P. imbricata haemocytes in vivo. 3591 

To elaborate on the findings of Chapters Two to Four in a ‘real world’ context, 3592 

in Chapter Five I investigated the effect of husbandry and handling practices in the 3593 

field on PO activity in both juvenile and adult silver-lip pearl oyster, P. maxmia. This 3594 

work was conducted on a pearl oyster farm in Broome, Western Australia. Due to the 3595 

technical difficulty of operating in this extremely remote location with limited 3596 

laboratory resources, phagocytic activity could not be accurately assessed in this 3597 

experiment. Instead, whole haemolymph samples were preserved and shipped to 3598 

Macquarie University in order to quantify PO activity.  3599 

Adult P. maxima were exposed to air, high powered cleaning jets, struck with 3600 

a steel chisel, or a combination of treatments involving both the chisel and cleaning 3601 
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jets. The data indicated that there is an initial period of immunosuppression (a decline 3602 

in PO activity of ≥ 40% in all treatments) among mature oysters up to 48 h after 3603 

exposure to the stressors. After 48 h, PO levels recovered to almost twice those of the 3604 

controls in all stress treatments. This response appeared to be a compensatory 3605 

mechanism, possibly reflecting a recovery of granulocytes in the haemolymph. 3606 

Juvenile P. maxima were also studied in the field trial. However, they were 3607 

only exposed to air, because the other treatments were not applicable due to their 3608 

small size. Phenoloxidase activity of juveniles was significantly up-regulated after 3609 

both 24 and 96 h in comparison to the controls. This suggests that juvenile oysters 3610 

mount different responses to stress than adult oysters. Few studies have compared the 3611 

immunological responses of juvenile and mature bivalves. In 2008, Schleder et al. 3612 

compared the immunological responses of both mature and juvenile scallops 3613 

(Nodipecten nodosus), exposed to alkaline conditions. Their results showed that PO 3614 

activity was significantly higher in juvenile N. nodosus than mature scallops.   3615 

The data in Chapter Five and the previous chapters imply that changes in the 3616 

immunological parameters of haemolymph after stress could, in part, result from 3617 

altered gene expression in haemolypmh. To test this, in Chapter Six I measured the 3618 

expression of genes involved in oxidative and generic stress responses. It was not 3619 

possible to directly test the expression of PO because gene sequences for this enzyme 3620 

in oysters are not yet known. Oxidative cellular stress responses are involved in 3621 

protecting organisms from irreversible damage caused by the excess accumulation of 3622 

reactive oxygen species (ROS: superoxides and peroxides; Lacoste et al., 2002a). 3623 

They are also closely associated with phagocytosis. Research on oxidative stress has 3624 

led to the development and use of a number of common biochemical indicators, most 3625 

notably stress-associated gene products such as glutathione peroxidase (GPx), 3626 
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peroxiredoxin (PRx), and glutathione-S-transferase (GST). Heat shock protein-70 is 3627 

also a common generic biomarker of stress (HSP-70; Clegg et al., 1998; Gestal et al., 3628 

2007; Fabbri et al., 2008).  3629 

To test expression of these genes, P. imbricata were exposed to either MA or 3630 

air for 60 min and 6 h. After 60 min, both PRx and GST expression declined 3631 

significantly in both treatments, while GPx transcription declined significantly after 3632 

exposure to MA, but not air. HSP-70 expression also declined when oysters were 3633 

exposed to both stressors, but these decreases were not statistically significant. 3634 

Hierarchical cluster and multidimensional scaling analyses (of GST, GPx and PRx) 3635 

indicated that the transcriptional inhibition of the antioxidant enzymes resulting from 3636 

stress was transient and had begun to return to control (unperturbed) levels within 6 h. 3637 

The data also suggested that exposure to air, which was the common component in 3638 

both treatments, was the main causative agent of the stress responses, and that 3639 

agitation (shaking) did not have an additional synergistic effect on the expression of 3640 

these genes. Given that the expression of HSP-70 was not significantly affected when 3641 

oysters exposed to MA and air, monitoring antioxidant genes in pearl oysters may 3642 

yield a more informative suite of biomarkers in response to husbandry and handling 3643 

stressors.   3644 

I propose two models for the decline in antioxidant transcription. First, NA 3645 

may be secreted in response to stress, resulting in the apoptosis of specific haemocyte 3646 

populations that produce antioxidants. The decline in the relative frequency of these 3647 

cells would then decrease the overall expression of GST, PRx and GPx. Alternatively, 3648 

NA may directly inhibit the expression of the genes that encode for antioxidant 3649 

enzymes. This could result in the accumulation of ROS/oxidation within cells 3650 

triggering subsequent apoptosis. Given these scenarios, the regulation and expression 3651 
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of antioxidant genes may be especially valuable indicators of physiological status in 3652 

marine bivalves, and could hold great potential for understanding the mechanisms by 3653 

which oysters respond to environmental and anthropogenic stressors (Dahlhoff, 3654 

2004). 3655 

The final Chapter of my thesis (Chapter Seven) reviewed the Akoya pearl 3656 

industry and its development within Australia in order to provide a context for the 3657 

data in Chapters Two to Six. It details the importance of stress/disease relationships 3658 

and the potential obstacles that P. imbricata industry may face based on experiences 3659 

with other Pinctada species. Most pearl oyster research has focussed on investigating 3660 

pearl production and on improving the overall pearl quality. However, as my research 3661 

has implied, eliminating or reducing the incidence of physiological dysfunction by 3662 

limiting stress, and a better understanding of stress/disease aetiology may also greatly 3663 

improve the yield of pearls. The industry requires better practices for the 3664 

identification and elimination of stressful factors that affect bivalve health. In this 3665 

context, pearl oyster farming could benefit from the development of a rapid ‘litmus- 3666 

like’ test that could identify stress levels in oysters. Based on results from these tests, 3667 

farmers could better interpret the health status of their oysters and alter farming 3668 

practices accordingly. The data presented in this thesis suggests that simple assays of 3669 

oxidative enzymes, such as PO, may provide one option to assess stress in the field. 3670 

 3671 

 3672 

 3673 

 3674 
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Preface 3874 

As shown in Chapter Four, the stress hormone noradrenaline (NA) was found 3875 

to alter membrane structure and function in P. imbricata haemocytes. In addition to 3876 

apoptosis, NA exposure resulted in the relocation of phosphatidyl serines (a 3877 

characteristic event of early stage apoptosis) from the inner to the outer membrane 3878 

leaflet as well as relocation of intracellular F-actin. In the current Chapter, we 3879 

investigated the effects of four snake venoms and their impact on the structure and 3880 

function of erythrocyte membranes. Exposing, erythrocytes to snake venom resulted 3881 

in the rearrangement of F-actin into highly condensed aggregates. The snake venoms 3882 

were also found to reduce the anion-exchange function of capnophorin (Band 3), 3883 

affecting cell morphology.  3884 
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CHAPTER TEN 4024 

SUPPLENENTARY DATA PART B; 4025 
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OYSTERS AND OTHER MARINE INVERTEBRATES. 4027 
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Preface 4038 
 4039 

As demonstrated in Chapters Three to Six, external influences such as 4040 

environmental stress, in addition to husbandry and handling can alter the 4041 

immunological state of farmed marine invertebrates. This article further investigates 4042 

this relationship in a range of marine species, using the Sydney rock oyster 4043 

(Saccostrea glomerata) and the proliferation of QX disease (Marteilia sydneyi) as a 4044 

model of these interactions.  4045 
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1. Introduction 4092 

Aquaculture (the farming of marine organisms) is an increasingly important 4093 

component of world fisheries output. Worldwide, aquaculture industries had revenues 4094 

of US$ 106 billion in 2008 (FAO 2010). Despite this, there is an increasing trend for 4095 

infectious diseases to limit production, and there is evidence that problems with 4096 

emerging diseases are becoming more frequent. This is particularly true of the edible 4097 

oyster industry, where a range of protozoan, bacterial and viral infections are having 4098 

significant impacts on productivity. Whilst there may be many factors involved in the 4099 

emergence of new disease in oyster aquaculture, a growing body of evidence suggests 4100 

that environmental stress resulting in the inhibition of oyster immune systems may be 4101 

at least partially responsible for the trend toward more severe disease impacts on the 4102 

industry. This chapter discusses the relationship between environmental stress, the 4103 

oyster immune system and disease, focusing on one well-studied host/parasite model, 4104 

QX disease in Sydney rock oysters. Below, we describe the Sydney rock oyster 4105 

industry, the impacts of disease on that industry, evidence that environmental factors 4106 

influence disease susceptibility, and attempts to counteract these effects through 4107 

selective breeding programs.  4108 

 4109 

2.The Sydney rock oyster industry 4110 

The Sydney rock oyster, Saccostrea glomerata (previously S. commercialis), 4111 

has been cultivated in Australian coastal waters for the last 120 years. A decline in 4112 

natural oyster stocks following European settlement led to the establishment of the 4113 

first cultivation techniques in the eastern Australian state of New South Wales (NSW) 4114 

in the 1870’s (NSW Fisheries 2000). Currently, Sydney rock oysters are produced on 4115 

the eastern Australian seaboard from the NSW/Victorian border in the south, to 4116 
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Moreton Bay in subtropical Queensland (Nell 1993). There has also been some 4117 

success in farming the species in Western Australia (Nell 2002) (Fig. 1).    4118 

 4119 

Figure 1. Major oyster growing areas of Australia (Nell 2001a). 4120 

 4121 

Sydney rock oyster farming is the fourth biggest oyster fishery in the world 4122 

and remains one of Australia’s largest aquaculture industries despite production levels 4123 

having fallen by over 40% since the 1970’s (Fig 2; Heasman et al., 2000). This 4124 

decline has been due in large part to outbreaks of infectious diseases, predominantly 4125 

Winter Mortality and QX disease. Approximately 7 million dozen Sydney rock 4126 

oysters were produced nationally during 2004-2005 with production valued at AUD 4127 

$34 million at the farm gate (DII 2005). This translates into AUD $150-200 million in 4128 

retail sales. In comparison, the production of Pacific oysters (Crassostrea gigas) in 4129 

NSW during the same period was valued at approximately AUD $2 million (DII 4130 

2005). The majority of Pacific oysters are produced in southern Australian waters, 4131 

with Tasmania and South Australia each producing over 3 million dozen annually. 4132 

The sale of Sydney rock oysters is almost solely confined to domestic markets. In the 4133 
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NSW industry, 83% of the oysters produced are sold locally, 17% are sold interstate 4134 

and the remainder (<1%) are exported to overseas markets (Nell 2001b). 4135 

 4136 

 4137 

Figure 2. Sydney rock oyster production grew steadily until the mid 1970’s when 4138 

pressure from infectious disease epizootics caused a major decline in the industry. 4139 

Production levels have stabilized over the past decade (ABARE 2004; DII 2005). 4140 

 4141 

3.Oyster diseases 4142 

Since the early 1800’s, when overfishing and destruction of natural oyster 4143 

beds led to the development of oyster farming throughout Europe, disease has been 4144 

the prominent controlling factor in oyster population dynamics (Roch 1999). Global 4145 

oyster production is based almost entirely on only five species. Hence, oyster 4146 

industries are usually local monocultures that are subject to inherent disease 4147 
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epizootics. Many oyster diseases are caused by protozoan parasites, possibly because 4148 

estuarine environments where oysters are cultured provide an ideal medium for the 4149 

dispersal and survival of parasitic sporonts due to their natural currents and stable 4150 

temperature. Viral disease, primarily mediated by Ostreid herpes viruses, are also 4151 

becoming an increasing threat to oyster aquaculture worldwide. 4152 

Their susceptibility to disease means that the dynamics of the Sydney rock 4153 

oyster industry are partly controlled by outbreaks of infectious diseases. Currently, 4154 

oyster production in eastern Australia is afflicted by two major infectious diseases, 4155 

Winter Mortality and QX disease. Both of these diseases occur only in S. glomerata. 4156 

The transfer of oysters between estuaries for on-growing during the 1960’s was 4157 

originally thought to have aided the spread of both diseases (Nell 2003).  4158 

The etiological agent of Winter Mortality was previously known as 4159 

Mikrocytos roughleyi. However, it has now been reclassified as Bonamia roughleyi 4160 

(Cochennec-Laureau et al.,  2003). This includes the parasite in a genus that also 4161 

commonly afflicts European flat oysters. As its name suggests, Winter Mortality 4162 

predominantly occurs during the colder months from June to August and is restricted 4163 

to the cooler southern range of Sydney rock oysters. In affected areas, mortalities of 4164 

up to 80% are common. Oysters in their third winter, just prior to reaching market 4165 

size, are the most susceptible (Smith et al., 2000). Current methods used to manage 4166 

the disease include transferring oysters to upstream areas where lower salinities are 4167 

thought to decrease susceptibility to M. roughleyi infection. Many farmers also sell 4168 

their oysters prior to their third winter when they are most at risk of infection. 4169 

However, this option is rarely available to growers in the more southerly regions, 4170 

because oysters in these colder waters do not reach market size until after their fourth 4171 

year (Smith et al., 2000).  4172 
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4. Marteilia sydneyi and QX Disease 4173 

4.1 Marteilia sydneyi 4174 

M. sydneyi are protozoans from the phylum Paramyxea (Berthe et al., 2004). 4175 

The genus Marteilia is composed of two species; M. sydneyi and M. refringens 4176 

(Berthe et al., 2004). M. sydneyi is reproductively distinct from M. refringens. Their 4177 

sporangiosori (primary cells, or reproductive plasmodial cells) contain 8-16 sporonts 4178 

(secondary cells), each of which contain at least two, and sometimes three, mature 4179 

spores (tertiary cells) (Fig. 3; Berthe et al., 2004). Comparatively, M. refringens often 4180 

produce less sporonts, and therefore, less spores than M. sydneyi (Perkins and Wolf, 4181 

1976). Aside from this, histological studies have shown that there is no marked 4182 

difference in the size of mature sporonts between the two species (Perkins and Wolf, 4183 

1976). 4184 

 4185 

Figure 3. Light micrograph depicting the developmental stages of M. sydneyi in the 4186 

gut of S. glomerata. DC, daughter cell; DcSc, daughter cell housing secondary cells; 4187 

ImSP, immature sporont; MSP, mature sporonts  (Kleeman et al., 2002). 4188 

 4189 

 4190 
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4.2 Geographic spread of QX disease 4191 

M. sydneyi was initially detected in Sydney rock oysters from the Pumicestone 4192 

Straight on Moreton Bay, Queensland in 1968 (Roubal et al., 1989). However, the 4193 

parasite was not classified until 1972, when comparisons were made between it and 4194 

spores from oysters infected with M. refringens (Wolf, 1972; Balouet, 1979). 4195 

Outbreaks of QX disease were first reported during the late 1970’s. These early 4196 

outbreaks were restricted to a small number of estuaries from The Great Sandy 4197 

Straight of southern Queensland to the Macleay River in northern NSW (Adlard and 4198 

Ernst 1995).  4199 

After the initial outbreaks in Queensland and northern NSW, QX disease was 4200 

later discovered in the Georges River, Sydney, in 1994. Examination of S. glomerata 4201 

digestive tract samples taken from Lime Kiln Bar in the Georges River identified 4202 

tricellular sporonts that were typical of M. sydneyi infections (Adlard and Ernst 1995). 4203 

During 1993/94, over one million dozen oysters were produced in the Georges River. 4204 

However, consistent seasonal outbreaks of QX disease have caused production to 4205 

steadily decline in that river so that only 62,000 dozen oysters were produced in 4206 

2000/01. This constitutes a fall in production of 94% over 6 years (Nell and Hand 4207 

2003). Current production in the Georges River is restricted to the importation of 4208 

oysters for maturation after the end of the M. sydneyi infective season and 4209 

experimental deployment of M. sydneyi resistant strains. Pacific oysters, which are 4210 

unaffected by QX disease, now reportedly make up 80% of the oysters on the Georges 4211 

River foreshore (Nell and Hand 2003). This is causing additional problems for the 4212 

Sydney rock oyster growers remaining on the estuary through increased competition 4213 

and by catch of Pacific oyster spat. 4214 
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The Hawkesbury River, approximately 50 km north of the Georges River in 4215 

NSW, is the most recent growing area to experience an outbreak of QX disease. This 4216 

estuary had previously been the second largest producer of Sydney rock oysters in 4217 

Australia. The disease was first detected in the Hawkesbury River during 2004, when 4218 

an examination of oysters from upstream oyster leases uncovered sporulating M. 4219 

sydneyi in oyster guts. By the end of 2005, Sydney rock oysters in most growing areas 4220 

of the estuary had suffered mortality rates of up to 90% (Butt and Raftos 2007b). 4221 

The development of a sensitive, polymerase chain reaction (PCR) diagnostic 4222 

assay for M. sydneyi has recently been used to test for the presence of the parasite in 4223 

numerous estuaries along the NSW coastline. Initial tests showed that M. sydneyi was 4224 

present in at least seven estuaries previously thought to be parasite free, including 4225 

some of the most productive Sydney rock oyster growing areas on the eastern 4226 

seaboard (Adlard and Wesche 2004) (Fig. 4). Further work by Adlard et al. (pers. 4227 

comm. 2007) used PCR-based diagnostics to identify M. sydneyi in 31 of the 38 4228 

oyster growing estuaries in NSW. Even though the parasite is present in these areas, 4229 

many have not suffered QX disease outbreaks. Based on these data, it is now widely 4230 

believed that M. sydneyi is an endemic parasite of Sydney rock oysters throughout 4231 

Australia (R. Adlard, pers. com.), and that QX is an opportunistic disease that occurs 4232 

only when oysters are subjected to environmental stress. 4233 

 4234 

 4235 

 4236 
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 4237 

Figure 4. Testing for the presence of M. sydneyi in estuaries along the coast of NSW 4238 

has shown that the parasite is present in a number of oyster growing areas that have 4239 

not been subjected to QX disease outbreaks. A number of estuaries remain untested 4240 

(Adlard and Wesche 2004).  4241 

 4242 

4.3 QX disease management 4243 

Until recently, a limited understanding of the factors that result in QX disease 4244 

outbreaks has hindered the development of management strategies to eradicate or 4245 

control QX disease. Management of M. sydneyi is an obvious concern for farming of 4246 

S. glomerata, as outbreaks are a significant threat to long term cultivation and the 4247 

industry’s viability (Berthe et al., 2004).  4248 

Grizel (1979) trialled the use of chemicals to control M. refringens in C. gigas 4249 

using methylene blue and malachite green. Results from these exposures showed that 4250 

neither of these chemicals had adverse effects on the parasite or its ability to 4251 
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proliferate (Grizel, 1979). More recently, Lester (1986) investigated the effects of 4252 

pyrimethamine and sulphadoxine injections, as well as immersion in trimethoprim, 4253 

sulphamethoxazole, chloroquine phosphate and pyrimethamine on M. sydneyi. Again, 4254 

none of the treatments were found to be toxic to the parasite. 4255 

There have also been suggestions that biological control could be used to 4256 

eliminate parasite populations. However, a suitable candidate for biological control of 4257 

M. sydneyi has yet to be identified. A hyper-parasite (Nosema ormiersi) was reported 4258 

as a potential control agent for M. refringens (Berthe et al., 2004). N. ormiersi 4259 

initiates necrotic changes within the parasite, such as primary cell and sporangial cell 4260 

degeneration, membrane alterations, cytoplasmic condensation and reduction in spore 4261 

numbers (Berthe et al., 2004). Unfortunately, further investigations revealed that N. 4262 

ormiersi is not a feasible biological control agent because it cannot be cultured in 4263 

vitro.  4264 

In the absence of more effective control measures for either QX or Winter 4265 

Mortality, Sydney rock oyster stocks are often moved to the upper reaches of estuaries 4266 

just prior to Winter Mortality outbreaks, because lower salinities in these areas 4267 

seemed to limit pathogen development (Nell 2003). Similar methods have been 4268 

implemented to control MSX and Dermo disease in the United States, where low 4269 

salinity has also been found to limit parasite activity (Hine 1996). Ford et al. (1999) 4270 

showed that the survival of Eastern oysters infected with Dermo disease is improved 4271 

in populations grown in warmer waters with high food availability. These 4272 

environmental factors allow oysters to increase body mass at a faster rate than the 4273 

pathogen responsible for Dermo disease, Perkinsus marinus, can proliferate. This 4274 

prevents pathogen densities from reaching lethal levels. No such management 4275 

practices are currently available for the control of QX disease. As a result, research 4276 
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efforts have focused upon decreasing host susceptibility to the parasite rather than 4277 

eliminating the parasite from the environment. 4278 

In 1997, NSW Fisheries developed a selective breeding program to combat 4279 

QX disease (Newton et al., 2004). This program focused on interbreeding oysters that 4280 

had survived QX epizootics (Nell et al., 2000; Newton et al., 2004). Comparisons 4281 

between non-selected (wild type) controls and selected lines showed that, after two 4282 

generations, QX-associated mortalities had decreased by 22% in selected oysters 4283 

(Nell and Hand 2003). Survivorship has continually improved with each subsequent 4284 

generation of selection. By the fourth generation, mortalities in selected lines from 4285 

Lime Kiln Bar, the site most heavily affected by QX disease in the Georges River, 4286 

had decreased to 63% after exposure to consecutive QX seasons. This was an 4287 

improvement of over 35% compared to the mortality rates of 99% in non-selected 4288 

controls (Nell and Perkins 2006). Large numbers of hatchery bred QX disease 4289 

resistant oysters are now being sold to industry. 4290 

Similar success in improving disease survivorship through natural selection 4291 

has been achieved in other oyster species. Eastern oysters have been successfully 4292 

selected for resistance to MSX disease in the USA (Ford and Haskin 1987; Allen 4293 

1998). A similar breeding program was also established to select European flat 4294 

oysters for resistance to Bonamia infections. Improved survivorship in resistant 4295 

oysters was purportedly related to the delayed onset of infection compared to 4296 

susceptible controls (Naciri-Graven et al., 1998). Bonamia resistance in the O. edulis 4297 

was correlated with an increase in the number of haemocytes circulating in the 4298 

haemolymph. In contrast, a decline in hyalinocytes assisted in MSX resistance in the 4299 

American Eastern oyster (Naciri-Graven et al., 1998). Naciri-Graven et al. (1998) 4300 
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suggested that hyalinocytes are targeted by Bonamia ostreae infection and that their 4301 

decline increased the immune competence of O. edulis against the parasite.  4302 

QX disease resistant (QXR) oysters bred selectivity by the NSW Department 4303 

of Primary Industries are now know to carry valuable genetic traits that confer disease 4304 

resistance. Breeding for QX resistance has negatively selected against a specific 4305 

isoform of the defenisive enzyme, phenoloxidase (PO). That form of the enzyme is 4306 

designated POb (Bezemer et al., 2006). Bezemer et al. (2006) found that over the 4307 

course of a QX outbreak the frequency of POb decreased significantly in both QXR 4308 

and unselected wild-type oysters. Further analysis showed that POb was substantially 4309 

less frequent in QXR than wild-type oysters (Bezemer et al., 2006). It was concluded 4310 

that the presence of POb increases susceptibility of S. glomerata to QX disease, and 4311 

that other PO isoforms provide resistance against the parasite. This implies that PO is 4312 

an effective defence system capable of controlling M. sydneyi and preventing QX 4313 

disease. 4314 

To test this hypothesis, Butt et al. (2007c) studied the phagocytosis of M. 4315 

sydneyi and the presence of PO in S. glomerata haemocytes. They found that PO was 4316 

concentrated within the granules of haemocytes. Morphometric analysis of 4317 

haemocytes revealed that QXR haemocytes are larger and have more intense PO 4318 

staining than haemocytes from wild-type oysters (Butt and Raftos 2007c). Similarly, 4319 

Kuchel et al. (2010a) compared the intracellular killing activities of both wild-type 4320 

and QXR haemocytes when exposed to M. sydneyi. They found phagolysosomal 4321 

activity to be significantly increased in selectively bred oysters.  4322 

In a recent study by Simonian et al. (2009), proteomic comparisons were made 4323 

between QXR and wild-type oysters. By using both 2-dimensional electrophoresis 4324 

and mass spectrometry they identified 6 proteins associated with QX resistance. Two 4325 
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of the proteins characterized were found to be homologous with superoxide dismutase 4326 

molecules found in C. gigas and C. virginica. Similar results were obtained by Green 4327 

et al. (2010), who used suppression subtraction hybridization to show that superoxide 4328 

dismutase and other molecules involved in antioxidant defense are upregulated in 4329 

QXR oysters. 4330 

 4331 

5. Invertebrate immunology 4332 

The implication of PO in QX disease resistance suggests that the control of M. 4333 

sydneyi and its progression to cause QX disease is influenced by the host oyster’s 4334 

immune system (Butt et al., 2007b, 2007c). Oysters with intact, functioning immune 4335 

systems may be able to suppress maturation of M. sydneyi from its infective 4336 

plasmodial form, preventing the development of QX disease. Despite this, there is still 4337 

relatively little information on oyster immune systems (Nell and Hand, 2003).  4338 

Historically, invertebrates have been described as lacking the sophisticated 4339 

acquired immunological responses present in vertebrates. The absence of specific 4340 

immunoglobulins means they are incapable of anticipatory immune reactions or of 4341 

generating pathogen-specific memory (Smith and Söderhäll 1991). However, there is 4342 

currently some conjecture over these conclusions, with recent research claiming to 4343 

have discovered forms of specific and adaptive immunity in invertebrate species 4344 

(Arala-Chaves and Sequeira 2000; Kurtz 2005; Kurtz and Armitage 2006). Work on a 4345 

range of invertebrates, including sea urchins, insects, and snails has demonstrated that 4346 

a much greater range of proteins are elicited in response to immunological challenges 4347 

than would be expected from an innate defence response (Zhang and Loker 2003; 4348 

Zhang et al.,  2004; Watson et al.,  2005; Smith et al.,  2006). Initial evidence suggests 4349 

that many of these proteins are members of hyper-variable gene families and may be 4350 
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part of pathogen-specific recognition systems (Nair et al., 2005; Terwilliger et al., 4351 

2006). Such systems might diversify and improve an individual’s response to 4352 

immunological challenges. Most importantly, none of the new hyper-variable defence 4353 

systems identified so far are closely related to each other. 4354 

This recent work has also shown that ‘invertebrate immunity’ is no longer a 4355 

sufficient descriptor for immunological defence encompassing various taxa. 4356 

Previously, immunological function in one invertebrate phylum was inferred from 4357 

studies of another. However, it is now clear that major differences may occur between 4358 

immunological function, even within phyla. This highlights the importance of 4359 

investigating immunology ad hoc in individual species, and stresses that care must be 4360 

taken when comparing between taxanomic groups (Hooper et al., 2007).  4361 

Despite these observations, it is still widely held that most invertebrates rely 4362 

on ‘innate’ immune systems. Innate immunity includes cellular responses, whereby a 4363 

range of circulating cells are involved in phagocytic, cytotoxic and inflammatory 4364 

activities, and humoral components (Roch 1999). In bivalve molluscs, humoral 4365 

activity occurs in the haemolymph and results in the extra-haemocytic destruction of 4366 

invading pathogens. Pattern recognition receptors (PRRs), such as lectins, are 4367 

primarily responsible for extracellular non-self recognition (Anderson 1996). Lectins 4368 

recognize carbohydrate moieties on the surface of foreign material, which they can 4369 

opsonize, promoting phagocytic clearance by circulating haemocytes (Fisher 1986). 4370 

Lysosomal hydrolases are another important functional group of humoral factors 4371 

(Anderson and Beaven 2001). These molecules are thought to be released into the 4372 

haemolymph following the degranulation of haemocytes. Lysosomal hydrolases 4373 

include lysozyme, acid phosphatase, aminopeptidase and lipase. All of these 4374 
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molecules are responsible for controlling infection and for the degradation of cell 4375 

surface integrity among invasive microorganisms (Pipe 1990; Xia et al.,  2000). 4376 

The cellular component of innate immunity is based on haemocyte function. In 4377 

a recent study by Aladaileh et al. (2007a), S. glomerata was found to have three major 4378 

haemocyte types; haemoblast-like cells, hyalinocytes and granulocytes. Phagocytosis, 4379 

by which foreign particulate matter is ingested and destroyed, is one important 4380 

cellular component of bivalve immunity. Phagocytic haemocytes are often 4381 

granulocytes, with their degree of granularity correlating with phagocytic efficiency 4382 

(Anderson 1996; Aladaileh et al., 2007a). When a pathogen is encountered by a blood 4383 

cell (haemocyte or coelomocyte), it is recognised as “non-self” by a process of 4384 

molecular “pattern recognition” (Söderhäll and Cerenius, 1998). Most bacterial cell 4385 

walls contain a rigid component of peptidoglycan. In gram-negative bacteria this is 4386 

covered by an external layer of lipopolysaccharides (LPS) (Peters and Raftos 2003). 4387 

Both peptidoglycans and LPS represent pathogen-associated molecular patterns 4388 

(PAMPs) that are detected by PRRs of the mollusc immune system (Tiscar and 4389 

Mosca, 2004). Eukaryotic pathogens also express PAMPs in the form of 4390 

plasmalemma-associated carbohydrates, such as ß-glucans (Fryer and Bayne, 1995). 4391 

PAMPS are not expressed by invertebrate haemocytes, and so are an ideal target for 4392 

discriminatory recognition by host PRRs (Jiravanichpaisal et al., 2006). PRRs include 4393 

lectins, prophenoloxidase (proPO) activating molecules, fibrinogen-related proteins 4394 

(FREPs) and encapsulation-promoting peptides that are either situated on haemocyte 4395 

surfaces or are dissolved in the haemolymph (Peters and Raftos 2003). 4396 

Phagocytosis also promotes the expression of inducible nitric oxide synthase 4397 

(NOS), which causes the liberation of antimicrobial nitric oxide from arginine (Lee 4398 

and Söderhall, 2002). Intracellular killing by oxidative products is assisted by specific 4399 



 228 

antimicrobial agents localized in lysosomes, including lysozyme, acid phosphatase, 4400 

and proteases (Maramaras et al., 1996). These enzymes contribute to the final 4401 

hydrolytic digestion of engulfed microbes (Bugge et al., 2007). Lysosomes also 4402 

contain pathogen-specific defensins, which disrupt the cellular membrane of 4403 

phagocytosed microbes. Defensins self-assemble as pores in microbial membranes, 4404 

thus preventing the microbe from regulating its intracellular environment (Pipe, 4405 

1992). All of these processes (oxidative killing, enzymatic degradation and pore 4406 

formation) occur in the low pH of 2-5 of the phagolysosomes generated by membrane 4407 

ion pumps (Asokan et al., 1997). 4408 

Particles too large to be phagocytosed are often encapsulated by adhesive 4409 

haemocytes that attach to the surface of the particle. PO produces melanin and its 4410 

immediate precursors, which are deposited directly onto the encapsulated particles’ 4411 

surface. Once encapsulated, invasive organisms are sequestered and soon die 4412 

(Sorrentino et al.,  2002). Recent evidence suggests that, in addition to hydrolytic 4413 

intracellular killing systems, PO makes a substantial contribution to intracellular 4414 

antimicrobial activity in oysters (Munoz et al., 2006). The formation of melanin 4415 

during encapsulation is the end result of the proPO activating system (Söderhäll 4416 

1999). The active enzyme in this system, PO, has been most thoroughly described in 4417 

arthropods. However, it has also been identified in many other invertebrate taxa, 4418 

including marine bivalves (Hellio et al., 2006; Munoz et al., 2006). In many 4419 

organisms, PO is associated with pigmentation. However, it is the enzyme’s role in 4420 

non-self recognition systems and the subsequent synthesis of cytotoxic melanin 4421 

precursors that has attracted the attention of invertebrate immunologists (Asokan et 4422 

al., 1997). 4423 
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ProPO, the inactive proenzyme of PO, occurs in both the haemocytes and 4424 

haemolymph of bivalve molluscs (Deaton et al., 1999). In arthropods, limited 4425 

proteolysis cleaves proPO to form active PO. This cleavage occurs in the 4426 

haemolymph as a result of serine proteolysis (Marmaras et al., 1996). The serine 4427 

proteases that activate proPO also act as PRR’s. They respond to microbial intrusion 4428 

by detecting signature molecules located on the surface of microorganisms. This 4429 

system is so sensitive that only a few picograms per litre of LPS from bacteria or β- 4430 

1,3-glucans from fungi are required to induce proPO activation (Söderhäll and 4431 

Cerenius 1998; Sung et al., 1998). Even though they are extremely sensitive, the 4432 

PRR’s that activate proPO are also highly specific. β-1,3-glucans from pathogenic 4433 

fungi can elicit a response, whilst other glucans, that are not associated with fungal 4434 

pathogens do not (Söderhäll et al., 1994). 4435 

           Once activated, PO is responsible for catalyzing a cascade of proteolytic 4436 

reactions, finally resulting in the synthesis of melanin. The reaction series mediated 4437 

by PO is known to follow two distinct stages (Fig. 5). The first stage involves 4438 

monophenoloxidase activity where the o-hydroxylation of tyrosine produces 3,4- 4439 

dihydroxyphenylalanine (L-DOPA). In the second stage, diphenols are oxidised to 4440 

their respective quinones via diphenoloxidase activity (Bai et al., 1997; Yamamoto et 4441 

al., 2000). The subsequent steps of the cascade involve the binding of free amino acid 4442 

groups to the newly formed quinones. This creates protein cross-linkages, which 4443 

eventually result in the formation of stable protein polymers (Sritunyalucksana and 4444 

Söderhäll 2000). The most significant of these polymers is melanin.  4445 

From an immunological perspective, it is important to note that many toxic 4446 

metabolites with proven fungistatic and antibacterial activity are formed as by- 4447 

products of melanization. Many of the intermediaries of the PO cascade are also 4448 
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involved in cellular defensive responses including phagocytosis, clotting and nodule 4449 

formation (Söderhäll  et al., 1994; Peters and Raftos 2003). Recently, it has been 4450 

discovered that PO activation and subsequent melanisation can be associated with 4451 

individual phagocytic cells. Hillyer et al. (2003) found that granular haemocytes in 4452 

mosquitoes were involved in the phagocytosis of bacteria. Once ingested, both the 4453 

bacteria and the granulocyte became completely melanised. Similar results have also 4454 

been reported in the tobacco hornworm, Manduca sexta and S. glomerata, where 4455 

phagocytic haemocytes were associated with active PO and melanisation (Ling and 4456 

Yu 2005; Aladaileh et al., 2007b). 4457 

The toxicity of PO metabolites means that precise systems exist to regulate the 4458 

activation and amplification of the PO cascade to avoid deleterious effects on host 4459 

cells. Serine protease inhibitors in various invertebrates are thought to be the most 4460 

common regulatory mechanism in the PO cascade (Lanz et al., 1993; Söderhäll  and 4461 

Thornqvist 1997). By preventing serine proteolysis, these inhibitors can stop the 4462 

partial cleavage of proPO to form active PO. Daquinag et al. (1995) have also 4463 

identified another enzyme that acts as a competitive inhibitor of PO in the housefly, 4464 

Musca domestica.  4465 

 4466 

 4467 

 4468 

 4469 
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 4470 

Figure 5. A simplified, schematic diagram of the phenoloxidase cascade (Söderhäll  4471 

et al.,  1994). Inactive prophenoloxidase is cleaved by serine proteases to form the 4472 

active enzyme, phenoloxidase. Phenoloxidase then catalyses the formation of the 4473 

pigment melanin and its cytotoxic precursors.  4474 

 4475 

6. The Role of PO in QX Disease 4476 

Numerous studies have focused on the role of PO in disease resistance and 4477 

susceptibility (Sorrentino et al., 2002). A study by Newton et al. (2004) on third 4478 

generation S. glomerata bred for QX disease resistance (QXR oysters) demonstrated 4479 

that QXR oysters have a marked increase in PO activity compared with unselected 4480 
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wild-type broodstock, and susceptible oysters are known to carry a particular form of 4481 

the enzyme (POb). Changes in PO activity resulting from environmental stress have 4482 

also been investigated as a potential explanation for the onset and proliferation of QX 4483 

disease. Butt et al. (2006a) performed in vitro experiments comparing the effects of 4484 

salinity on immune competence, with specific reference to the PO cascade of Sydney 4485 

rock oysters. Oysters were exposed to water obtained from regions with severe QX 4486 

outbreaks, and with artificially diluted oceanic seawater. The seawater collected from 4487 

infected sites was known to have been affected by heavy rain prior to epizootics and 4488 

had very low salinities. Both of these treatments elicited a dramatic decline in PO 4489 

activity (Butt et al., 2006a). The data suggested that a decline in salinity suppresses 4490 

PO activity and may be associated with the onset of QX epizootics (Butt et al., 4491 

2006a).  4492 

This conclusion was supported by field trials that exploited the natural salinity 4493 

gradient in the Georges River, NSW (Butt et al., 2006b). Oysters situated up-stream in 4494 

less saline conditions had lower PO activity than those closer to the ocean. Oysters at 4495 

upstream sites were also far more susceptible to QX disease. Butt et al. (2006b) 4496 

concluded that the stress of low salinity causes PO activity to decline, resulting in 4497 

opportunistic infection. Similar immunosuppression associated with disease 4498 

susceptibility has been demonstrated in other marine bivalves, including M. edulis 4499 

(Grundy et al., 1996; Butt et al., 2006b) and the oysters, C. virginica (Anderson et al., 4500 

1996: Fisher et al., 1999; Butt et al., 2006b) and C. gigas (Lacoste et al., 2001a, 4501 

2002).   4502 

Butt et al., (2007a) also identified a number of additional environmental 4503 

parameters, including starvation, that can suppress the oyster immune system. The 4504 

abundance of haemocytes and PO activity declined significantly when the dietary 4505 
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intake of oysters was halved over a 2-week period (Butt et al., 2007a). These results 4506 

are comparable to those obtained for other marine invertebrates, such as C. virginica) 4507 

(Hegaret et al., 2004) and C. gigas (Zhang and Li, 2006).   4508 

 4509 

7. Environmental stress and immunological activity in oysters 4510 

The survival of all organisms depends upon their ability to maintain 4511 

homeostasis. This balance is perhaps most difficult to maintain in sessile 4512 

poikilothermic osmoconformers, such as bivalve mollusc. External stressors 4513 

constantly threaten the physiological steady state of these organisms (Lacoste et al., 4514 

2002). Stressors vary widely but include temperature, salinity, pH and other 4515 

anthropogenic or environmental variables that act at the level of individuals or 4516 

populations. The estuarine environment, which is home to commercial and wild 4517 

oyster populations, is prone to extreme environmental changes. These changes are 4518 

associated with tidal fluctuations and rainfall events, including effluent and sediment 4519 

loads resulting from upstream runoff. Marine invertebrates require a range of adaptive 4520 

responses to counteract these stressors. Such responses, or the stressors themselves, 4521 

often affect the normal function of physiological mechanisms, including the immune 4522 

system. Immunological suppression, which often results from environmental stress, 4523 

leaves organisms more susceptible to disease epizootics (Chu et al., 2002). 4524 

External stressors may also increase disease susceptibility in invertebrates by 4525 

elevating the virulence of infectious agents.  In Dermo disease, which affects the 4526 

Eastern oyster, the pathogen (Perkinsus marinus), is more virulent at high 4527 

temperatures and salinities (Chu and Hale 1994). Ironically, this can also provide 4528 

scope for the management of potential diseases. Hosts can be grown under conditions 4529 
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that are less suited to pathogen survival, but remain within the physiological tolerance 4530 

of the host to minimise epizootic disease outbreaks (Hauton et al., 2000). 4531 

This link between hosts, pathogens and the environment among aquatic 4532 

organisms has been acknowledged for some time (Fig. 6). As long ago as 1974, it was 4533 

recognised that disease outbreaks in fish only occurred when environmental 4534 

conditions were suitable (Snieszko 1974). However, the mechanistic link between 4535 

host immunological defence and environmental change has only been established far 4536 

more recently. Lacoste et al. (2002) have shown that oysters possess a form of 4537 

neuroendocrine response similar to that activated in vertebrates responding to stress. 4538 

The principal hormone involved is noradrenaline. Once released into the 4539 

haemolymph, noradrenaline has been shown to inhibit immunological function. 4540 

 4541 

 4542 

Figure 7. A Venn diagram of the relationship between environmental stress, hosts and 4543 

disease, using the example of QX disease in Sydney rock oyster hosts. The diagram 4544 

demonstrates the inter-relationship between host (S. glomerata), pathogen (M. 4545 

sydneyi) and the environment that is required before epizootic (QX) disease outbreaks 4546 

can occur.  4547 

 4548 
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Many studies have set out to identify the precise environmental or 4549 

anthropogenic stressors that affect immunological activity in molluscs (Table 1). Pipe 4550 

et al. (1999) examined the effects of copper on various immunological parameters in 4551 

the marine mussel, M. edulis. Initial results revealed dose dependant changes in 4552 

haemocyte numbers after copper exposure. The number of circulating eosinophilic 4553 

granulocytes decreased when mussels were exposed to elevated copper 4554 

concentrations. These eosinophilic cells are responsible for most peroxidase, PO and 4555 

phagocytic activity (Pipe et al., 1997). However, contrary to expectations, decreases 4556 

in PO and peroxidase activity in copper affected mussels were not statistically 4557 

significant. This could be explained in part by the large variability in the activity of 4558 

these enzymes between individual mussels (Pipe et al., 1999).  4559 

Further work on the effects of anthropogenic pollutants on the M. edulis 4560 

immune system showed that polycyclic aromatic hydrocarbons (PAH), such as 4561 

fluoranthene and phenanthrene, inhibit phagocytic activity and damage lysosomes. 4562 

PAH’s accumulate within lysosomes so that damage is caused by direct physical 4563 

disturbance of the lysosomal membrane. Similar disruption inhibits phagocytosis 4564 

(Grundy et al., 1996). The combined effects of high temperature and copper exposure 4565 

also had deleterious effects on M. edulis haemocytes. Both total and differential 4566 

haemocyte counts were affected, as were superoxide and phagocytic activities (Parry 4567 

and Pipe 2004).  4568 

Although evidence suggests that estrogens directly influence gonadal 4569 

development, gametogenesis and reproductive function in molluscs, information 4570 

relating to the effects of estrogens and xeno-estrogens on immunological function is 4571 

limited (Porte et al., 2006). Despite this, evidence from mammalian taxa suggests that 4572 

estrogens are capable of affecting the function of neutrophil granulocytes, monocytes, 4573 
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and macrophages. In mammalian systems, these cell types have been reported to 4574 

express both nuclear and membrane associated estrogen receptors, and their responses 4575 

to estrogens may also be mediated by rapid non-genomic pathways (Gou et al., 2002).  4576 

In molluscan models (Mytilus spp.), the presence of endogenous 17 β-estradiol has 4577 

been established in hemolymph and circulating haemocytes, which represent the 4578 

functional equivalent of the mammalian monocyte/macrophage lineage (Canesi et al., 4579 

2004a). These findings, taken together, suggest estrogens/xeno-estrogens may also 4580 

play a functional role in modulating immune function in molluscs.  4581 

Recent studies of mussel (M. galloprovincialis) haemocytes have shown that 4582 

exposure to environmental estrogens cause the extra-cellular release of hydrolytic 4583 

enzymes, destabilisation of lysosomal membranes and increases in bactericidal 4584 

activity (Canesi et al., 2004b; Canesi et al., 2004a). Subsequent in vivo and in vitro 4585 

studies have also shown significant effects of various estrogenic chemicals on 4586 

phagocytic and lysozyme activities in Mytilus haemocytes (Canesi et al., 2007). 4587 

Studies on the effects of 17 β-estradiol in a number of clam species have 4588 

demonstrated that estrogens have the capacity to affect immunological competence, 4589 

particularly phagocytic activity (Champeau and Narbonne, 2006; Gauthier-Clerc et 4590 

al., 2006). Overall, it seems that alternative pathways of estrogenic action are also 4591 

present in molluscs, and that like mammalian immunocytes, mussel hemocytes 4592 

respond to estrogenic compounds with modulation of immune function. 4593 

The Pacific oyster has been investigated to determine the effects of 4594 

mechanical stress on immunological function. Mechanical agitation was investigated 4595 

because oyster culture techniques require individuals to be continually sorted and 4596 

redistributed throughout their development. Lacoste et al. (2002) tested whether such 4597 

a disturbance made oysters more susceptible to disease outbreaks. They found that 4598 
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haemocyte migration, phagocytosis and ROI production were all inhibited after 4599 

continuous shaking for fifteen minutes. These immunological parameters rapidly 4600 

recovered in the 60-90 min after shaking, possibly as a compensatory or wound 4601 

healing response. Similar results were reported when abalone (Haliotus tuberculata) 4602 

were exposed to mechanical disturbance. Immediately after agitation, haemocyte 4603 

numbers, as well as migratory, phagocytic and superoxide activities, were 4604 

significantly decreased. This was followed by a compensatory increase in most 4605 

parameters four hours after the stress (Malham et al., 2003). In both of these studies, 4606 

noradrenaline and dopamine concentrations were measured as stress indicators. Both 4607 

hormones increased significantly immediately after the onset of the mechanical 4608 

disturbance. These results suggest a direct link between physical stress, hormonal 4609 

responses and the manifestation of immunological impairment (Lacoste et al.,  2002; 4610 

Malham et al.,  2003). 4611 

Table 1. Studies on the effects of various stressors on molluscan immunological 4612 
parameters (effects cited when statistically significant, p < 0.05). 4613 

 4614 
ORGANISM STRESSOR IMMUNOLOGICAL EFFECT REFERENCE 
Akoya pearl 
oyster 

Mechanical 
disturbance, hypo-
salinity,  air 
exposure 

 Inhibited phagocytic and 
phenoloxidase activity 

 

(Kuchel et al., 
2010b) 

Clam Anoxia  Inhibited phagocytic and 
lysozyme activity 

 Reduced total haemocyte 
counts  

(Matozzo et 
al., 2005)  

Pacific 
Oyster 

Mechanical 
disturbance  

 Reduced phagocytosis 
 Inhibited reactive oxygen 

intermediates  

(Lacoste et 
al., 2002)  

 Improved diet  Increased oxidative activity 
and phagocytosis  

(Delaporte et 
al., 2003)  

 Acute temperature 
and salinity 
changes 

 Increased haemocyte 
mortalities and reduced 
aminopeptidase activity 

 Increased haemocyte 
mortalities 

(Gagnaire et 
al., 2006)  

 Gametogenesis  Impaired phagocytic activity 
and haemocyte adhesive 

(Delaporte et 
al., 2006)  
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capacity 
 Starvation  Decreased condition index 

and lysosomal membrane 
integrity 

(Zhang and Li 
2006)  

Eastern 
Oyster 

Sediment derived 
pollutants 

 Increase in infection 
susceptibility 

 Enhanced existing infection 

(Chu and 
Hale 1994)  

 Tributyltin (TBT)  No effect on phagocytic 
activity, serum lysozyme or 
ROI activity 

(Anderson 
1996)  

 Copper  Adverse effects on lysosomal 
destabilisation 

(Ringwood et 
al., 1998)  

 Other 
contaminants 
 

 Increased susceptibility to 
Perkinsus marinus infection 

 Reduced phagocytosis and 
hemocyte viability 

(Fisher et al., 
1999)  

Taiwan 
Abalone 

Ammonia  Decreased THC’s, PO and 
phagocytic activity and 
clearance efficiency 

 Increased susceptibility to 
Vibrio infection 

(Cheng et al., 
2004a)  

 Heat tolerance  Decreased PO and 
phagocytic activity 

 Increase in susceptibility to 
Vibrio parahaemolyticus 
infection 

(Cheng et al., 
2004b)  

 Low dissolved 
oxygen 
concentrations 

 Decreased THC’s, respiratory 
burst, phagocytic activity and 
clearance efficiency 

 Increased susceptibility to 
Vibrio infection 

(Cheng et al., 
2004c)  

Red Abalone Pentachlorophenol 
and salinity 

 Reduced haemocyte adhesive 
capacity, chemotaxis and 
phagocytic activity 

(Martello et 
al., 2000)  

Common 
Abalone 

Mechanical 
disturbance 

 Initial inhibition of 
haemocyte numbers, 
migratory activity, 
phagocytosis and superoxide 
production 

 Increase in most parameters 
post stress 

(Malham et 
al., 2003)  

Mussel Fluoranthene 
exposure 

 Increased THC but no affect 
on proportions of different 
cells 

 increase in ROI activity, % of 
hemocytes exhibiting PO and 
peroxidase activity 

(Coles et al., 
1994)  

 PAHs  Inhibited phagocytosis 
 Damaged lysozymes 

(Grundy et 
al., 1996)  

 Copper  No change to PO and (Pipe et al.,  
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peroxidase activity 
 Decrease in % of eosinophilic 

cells  
 Phagocytosis stimulated  

1999) 

 Temperature and 
copper 

 effects on total and 
differential haemocyte 
counts, superoxide and 
phagocytic activity 

(Parry and 
Pipe 2004) 

European 
flat oyster  

Salinity  No difference between 
lysozyme levels 

 No effect on respiratory burst 

(Hauton et al.,  
2000) 

Manila Clam Improved dietary 
nutrition 

 Increased THC’s, 
granulocyte percentage, 
phagocytic rate and oxidative 
activity 

(Delaporte et 
al.,  2003) 

 4615 

  Immunological stress was also investigated in a recent study by Kuchel et al. 4616 

(2010b), who examined the effects of stressors (mechanical agitation, hypo-saline 4617 

conditions, and exposure to the air) on haemocytes of Akoya pearl oysters. Oysters 4618 

were stressed and tested over a five-day period examining; PO activity, total and 4619 

differential haemocyte counts, phagocytosis, acid phosphatase activity, and total 4620 

haemolymph protein content. Interestingly, all three stressors induced significant 4621 

decreases in phagocytic and PO activities (Kuchel et al., 2010b).  4622 

Water temperature not only influences oyster physiology, but it also plays a 4623 

significant role in pathogenic load densities. Outbreaks of bacterial Vibrio infections 4624 

in pearl oysters are typically associated with tropical conditions. This is because, at 4625 

water temperatures > 29ºC, bacteria thrive. Vibrios are typically opportunistic 4626 

pathogens, and so they tend to proliferate when oysters are subjected to stress. In 4627 

2009, mass mortalities of P. fucata larvae were reported in Indian hatcheries, while 4628 

similar outbreaks were also recorded on the Cook Islands in P. margaritifera (FAO, 4629 

2007). In both of these cases, it was concluded that a combination of overstocking and 4630 

associated stress resulted in the proliferation of a Vibrio sp. (Subhash 2009). 4631 
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Other studies carried out on oysters have demonstrated very different effects 4632 

on immunological function results from the type of environmental stress that is 4633 

invoked. A study of the Eastern oyster, C. virginica, found that exposure to various 4634 

concentrations of Tri-butyl-tin had negligible affects on immunological activity 4635 

(Anderson et al., 1996). Similarly, exposure to different salinity levels had no 4636 

detectable affect on lysozyme or respiratory burst activities in the European flat 4637 

oyster, O. edulis (Hauton et al., 2000). This contrasted with results from studies 4638 

looking at dietary effects on immunological activity in C. gigas. Zhang and Li (2006) 4639 

found that starving oysters for 42 days reduced condition indices and lysosomal 4640 

membrane integrity. Similarly, a study by Green et al. (2010) investigated the effects 4641 

of acid sulfate, Al3+ and reduced salinity on immunocompetence in S. glomerata. 4642 

They found the expression of the immunological gene, peroxiredoxin, to decrease by 4643 

1.7 fold when oysters were exposed to reduced salinity (15ppt). Interestingly, neither 4644 

acid sulfate, nor Al3+ elicited any significant changes in gene expression. In contrast, 4645 

improving dietary nutrition in Pacific oysters increased oxidative activity and 4646 

phagocytic clearance rates. These results were also replicated in similar trials using 4647 

the Manila clam, Ruditapes philippinarum (Delaporte et al., 2003).  4648 

Internal physiological stresses can also impair immunological activity. 4649 

Gametogenesis in Pacific oysters has been shown to reduce phagocytic activity and 4650 

haemocyte function (Delaporte et al., 2006). It is thought that these physiological 4651 

stresses, associated with broadcast spawning, could explain some of the seasonal 4652 

variability in immunological activity observed in many molluscan species (Duchemin 4653 

et al., 2007).  4654 

 4655 

 4656 
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8. The neuroendocrine system and stress 4657 

Homeostasis is maintained by both behavioural and physiological responses 4658 

and it is regulated by the endocrine system (Oehlmann and Schulte-Oehlmann 2003).  4659 

Invertebrate endocrine systems might lack the complexity of those in vertebrates, but 4660 

invertebrates do possess discrete endocrine organs that consist of neurosecretory cells 4661 

(Oehlmann and Schulte-Oehlmann 2003).  4662 

Neuroendocrine stress responses in molluscs occur as a coordinated series of 4663 

metabolic events (Goedken et al., 2005). The corticotrophin releasing hormone 4664 

(CRH) and adrenocorticotropin hormone (ACTH) are the main mediators of 4665 

physiological stress responses (Ottaviani et al., 1998). Both CRH and ACTH control 4666 

the secretion of catecholamines (biogenic amines; CA), such as dopamine (DO) and 4667 

noradrenaline (NA), which act primarily as neuroregulators (i.e. neurotransmitters 4668 

and neuromodulators; Lacoste et al., 2001b, 2001c, 2001d). Hormonal messengers, 4669 

such as DO and NA, have been detected in a range of invertebrates, such as 4670 

cnidarians (Renilla koellikeri), and bivalve mollucs (Placopecten magellanicus, S. 4671 

glomerata, C. gigas and P. imbricata; Aladaileh et al., 2008; Kuchel et al., 2011). In 4672 

these species, catecholamines have been found to control respiration, feeding 4673 

activity, metamorphosis, and reproduction (Sakharov and Salanki 1982; Teyke et al., 4674 

1993; Beiras and Widdows 1995; Wang et al., 2006, Aladaleih 2007b).  4675 

Lacoste et al. (2001b) conducted a series of experiments to determine the 4676 

effects of NA on C. gigas haemocytes (Lacoste et al., 2001a, 2001b, 2001c, 2001d). 4677 

Results from their studies indicated that NA has a dose-dependent inhibitory effect 4678 

on phagocytosis and modulates the production of ROS. Recent studies by Aladaileh 4679 

et al. (2008) showed that NA injections in S. glomerata cause a decrease in PO 4680 

activity, as well as declines in total haemocyte counts and overall phagocytic activity 4681 
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(Aladaileh et al., 2008). Kuchel et al. (2011) performed in vitro studies investigating 4682 

the effects of NA on pearl oysters (Pinctada imbricata). They found that NA induces 4683 

hemocyte apoptosis using the early apoptotic marker, Annexin-V. They also showed 4684 

that NA disrupts cytoskeletal architecture and results in F-actin rearrangement. 4685 

Terminal dUTP nick-end labelling (TUNEL) revealed a significant increase in DNA 4686 

fragmentation in NA-exposed gill tissue, while ultrastructural changes were 4687 

documented using transmission electron microscopy. These studies support the 4688 

hypothesis that neuroendocrine responses can compromise immunological function. 4689 

It is equally clear that a range of environmental stressors induce the secretion 4690 

of NA in oysters. Mechanical disturbance in C. gigas causes an increase in NA levels, 4691 

and a corresponding decrease in immunological activity (Lacoste et al., 2001e; 4692 

Lacoste et al., 2002). Similarly, Aladaileh et al. (2007) showed that NA secretion was 4693 

stimulated in Sydney rock oysters by altered salinity, temperature fluxes and physical 4694 

agitation. Assays of the abalone, H. turberculata, also identified the presence of both 4695 

dopamine and noradrenaline within their circulatory systems after a 15-min period of 4696 

mechanical disturbance (Cheng et al., 2006; Malham et al., 2003). Immune 4697 

parameters such as total haemocyte counts, migratory activity, phagocytic and 4698 

respiratory bursts were all found to be compromised by the same treatments (Cheng et 4699 

al., 2006).  4700 

 4701 

9. Immunological suppression and disease susceptibility 4702 

The role and range of environmental stressors involved in the impairment of 4703 

immunological activity in invertebrates has been established in a variety of species. 4704 

However, the effects that immunological suppression has on disease susceptibility 4705 

have only been investigated in a small number of host-pathogen relationships 4706 
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(Lafferty and Kuris 1999). One study investigated the collapse of the Black abalone 4707 

(H. cracherodii) fishery on the Californian coast. Field studies concluded that the 4708 

combination of numerous stressors, including increased water temperatures, water 4709 

pollutants, over-fishing and competition from sea urchins left abalone susceptible to 4710 

the etiological agent of withered foot syndrome, Xenohaliotis americanus (Davis et 4711 

al., 1992; Lafferty and Kuris 1993). Other laboratory studies using the abalone, H. 4712 

diversicolor supertexta, found that separate exposures to ammonia, high temperatures 4713 

and low dissolved oxygen concentrations all impaired cellular immunological 4714 

responses (Table 1). As a result, the abalone in all treatments showed increased 4715 

susceptibility to infection with Vibrio parahaemolyticus (Cheng et al., 2004a; Cheng 4716 

et al., 2004b; Cheng et al., 2004c). 4717 

Disease susceptibility in the Eastern oyster, C. virginica, has also been shown 4718 

to increase in response to introduced pollutants (Chu and Hale 1994; Fisher et al., 4719 

1999). However, Chu et al. (2002) concluded that this increased susceptibility may 4720 

not have been caused by immunological inhibition. Despite testing a range of cellular 4721 

and humoral immunological parameters, no differences could be detected between 4722 

control oysters and those exposed to contaminated sediments.  4723 

However, in other investigations, many anthropogenic stressors have also been 4724 

found to induce immunological suppression (Fig. 7). For example, stress induced by 4725 

husbandry and handling in salmonid fish has been shown to increase the secretion of 4726 

cortisol (Pickering, 1993). Stress in the Chinook salmon (Oncorhynchus tshawytscha) 4727 

similarly resulted in the secretion of cortisol which was found to decrease 4728 

immunological activity (Maule et al., 1989). 4729 

There is also a link between hormonal stress responses and apoptotic events 4730 

(Lacoste et al., 2002; Aladaileh et al., 2008). Sokolova et al. 2004 found heavy metals 4731 
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to alter haemocyte morphology and induce apoptosis in the Eastern oyster, C. gigas. 4732 

Similarly studies investigating the effects of tri-n-butyltin (TBT) and herbicide 2,4- 4733 

dichlorophenoxy acetic acid on the mussel, M. galloprovincialis, were shown to affect 4734 

haemocyte proliferation and increase the incidence of apoptosis.  4735 

Given these findings, a number of studies have examined ‘stress indices’ as 4736 

potential indicators of disease susceptibility. Jeffries (1972) found that stressed clams 4737 

(Mercenaria mercenaria) are more likely to be invaded by the pathogen, Polydora 4738 

(Sindermann, 1984). This study focused specifically on amino acid ratios, in 4739 

particular taurine/glycine ratios of the gill and mantle tissues (Jeffries, 1972). Ratios 4740 

above 3:1 indicated stress, whilst anything exceeding 5 was an indication of acute 4741 

stress and increased disease susceptibility (Jeffries, 1972; Sindermann, 1984). 4742 

Similarly, Feng et al. (1970) used taurine/glycine ratios to examine stress responses 4743 

and infection in C. virginica. Other indices that have been used for the identification 4744 

and analysis of stress include “scope for growth” (measuring for the potential for 4745 

somatic growth and gamete production) and oxygen/nitrogen ratios (Corner and 4746 

Cowry, 1968; Bayne and Scullard, 1977; Sindermann, 1984). 4747 

 4748 
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 4749 

Figure 7. Schematic representation of the effects of environmental stressors on the 4750 

immune system in oysters.  Figure adapted from Perez 2010. 4751 

 4752 

There is also a strong interrelationship between host immunological responses, 4753 

pathogen virulence and the environment in outbreaks of QX disease among Sydney 4754 

rock oysters. Initially, environmental pH was tentatively linked to QX disease 4755 

outbreaks. Early studies of QX disease in southern Queensland suggested that 4756 

outbreaks occurred after heavy summer rainfall (Haysom 1978; Lester 1986). This 4757 

provided the basis for studies to determine whether outbreaks of M. sydneyi were 4758 

triggered by a drop in environmental pH, associated with runoff from acid sulphate 4759 

soils. An initial field study by Anderson et al. (1995) found that M. sydneyi infection 4760 

still occurred during periods when no major pH fluctuations were observed. Even 4761 

though subsequent work by Wesche (1995) found that infection outbreaks did occur 4762 

soon after a major drop in environmental pH, no causal relationship between pH and 4763 
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QX disease outbreaks could be established. It was also demonstrated that a 4764 

subsequent drop in pH could occur without resulting in an infection outbreak. 4765 

Despite this, Peters and Raftos (2003) found that inhibition of immunological 4766 

function in Sydney rock oysters, specifically decreased PO activity, is associated with 4767 

outbreaks of QX disease. The fact that PO activity was suppressed in oysters that 4768 

were not actively infected with M. sydneyi suggested that external influences, and not 4769 

the presence of M. sydneyi, were responsible for this immunological inhibition. 4770 

Subsequent work found a strong link between decreased salinity after heavy summer 4771 

rainfall, inhibition of PO activity and the onset of QX disease in S. glomerata (Butt et 4772 

al., 2007b). Similarly, Haskin and Ford (1982) found density gradients of the 4773 

pathogen, Haplosporidium nelsoni (the agent of MSX disease) to be directly related to 4774 

salinity concentrations. At salinities ranging from 9 - 18 p.p.t. the parasite was found 4775 

to enter C. virginica, but its development was severely retarded (Haskin and Ford, 4776 

1982).  4777 

 4778 

10. Conclusions and Perspectives 4779 

The continuing emergence of infectious diseases is the biggest limiting factor 4780 

in world aquaculture production. A growing body of evidence suggests that 4781 

environmental stress plays a major role in the initiation and severity of disease 4782 

epizootics in aquaculture. In many cases stress seems to inhibit the immunological 4783 

function of aquaculture species, leaving them susceptible to infectious disease. We are 4784 

now coming to a mechanistic understanding of that relationship between stress, the 4785 

immune system and disease. Many marine invertebrates are known to have 4786 

neuroendocrine systems that are activated by stress, and the activation of these 4787 

systems often results in suppressed immune function. It seems that there are two 4788 
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options for aquaculture industries to mitigate the effects of environmental stress on 4789 

disease susceptibility. The first is to systematically assess their farming practices to 4790 

eliminate unwarranted stress. The second is to breed disease resistant stock, the result 4791 

of which is often an enhancement of the immune system. 4792 

 4793 

11. Acknowledgments 4794 

Our work on QX disease in Sydney rock oysters has been funded by the Australian 4795 

Research Council and the Australian Fisheries Research and Development 4796 

Corporation. We also thank our colleagues Dr. Sham Nair and Dr. Wayne O’Connor 4797 

for their contributions to our work on Sydney rock oysters. 4798 

 4799 

 4800 

 4801 

 4802 

 4803 

 4804 

 4805 

 4806 

 4807 

 4808 

 4809 

 4810 

 4811 

 4812 

 4813 



 248 

12. References 4814 

 4815 

ABARE 2004. 'Australian Fisheries Statistics.' ABARE. 4816 

 4817 

Adlard, R., Wesche, S. 2004. QX Disease. In 'NSW Fisheries, QX Stakeholders 4818 

Meeting'. Sydney, Australia 4819 

 4820 

Adlard, R. D., Ernst, I. 1995. Extended range of the oyster pathogen, Marteilia 4821 

sydneyi. Bulletin of the European Association of Fish Pathology. 15, 119-121. 4822 

 4823 

Aladaileh, S., Nair, S. V., Birch, D., Raftos, D. 2007a. Sydney rock oyster 4824 

(Saccostrea glomerata) haemocytes: Morphology and function. Journal of 4825 

Invertebrate Pathology. 96, 48-53. 4826 

 4827 

Aladaileh, S., Nair, S., D., Raftos, D. 2007b. Induction of phenoloxidase and other 4828 

immunological activities in Sydney rock oysters challenged with microbial pathogen 4829 

associate molecular patterns. Fish and Shellfish Immunology. 23, 1196-1208. 4830 

 4831 

Aladaileh, S., Nair, S. V., Raftos, D. A. 2008. Effects of noradrenaline activity in 4832 

Sydney rock oysters. Developmental and Comparative Immunology. 32, 627-636. 4833 

 4834 

Allen, Jr. S. K. 1998. Commercial applications of bivalve genetics: not a solo effort. 4835 

World Aquaculture. 29, 38-43. 4836 

 4837 

Anderson, R. S. 1996. Interactions of Perkinsus marinus with humoral factors and 4838 



 249 

hemocytes of Crassostrea virginica. Journal of Shellfish Research. 15, 127-134. 4839 

 4840 

Anderson. R. S., Adlard, R. D., Lester, R. J. G. 1995. Molecular diagnosis of 4841 

Marteilia sydneyi Paramyxea in Sydney rock oysters, Saccostrea commercialis 4842 

Angas. Journal of Fish Diseases. 18, 507-510. 4843 

 4844 

Anderson, R. S., Beaven, A. E. 2001. Antibacterial activities of oyster Crassostrea 4845 

virginica and mussel Mytilus edulis and Geukensia demissa plasma. Aquatic Living 4846 

Resources.14, 343-349. 4847 

 4848 

Anderson. R. S., Unger, M. A., Burreson, E. M. 1996. Enhancement of Perkinsus 4849 

marinus disease progression in TBT-exposed oysters Crassostrea virginica. Marine 4850 

Environmental Research. 42, 177-180. 4851 

 4852 

Arala-Chaves, M., Sequeira, T. 2000. Is there any kind of adaptive immunity in 4853 

invertebrates? Aquaculture. 191, 247-258. 4854 

 4855 

Asokan, R., Arumugam, M., Mullainadhan, P. 1997. Activation of prophenoloxidase 4856 

in the plasma and haemocytes of the marine mussel, Perna viridis (Linnaeus). 4857 

Developmental and Comparative Immunology. 21, 1-12. 4858 

 4859 

Bai, G., Brown, J. F., Watson, C., Yoshino, T. P. 1997. Isolation and characterisation 4860 

of phenoloxidase from egg masses of the gastropod mollusc, Biomphalaria glabrata. 4861 

Comparative Biochemistry and Physiology. 118, 463-46. 4862 

 4863 



 250 

Beiras, R., Widdows, J. 1995. Effect of neurotransmitters dopamine, serotonin and 4864 

norepinephine on  the ciliary activity of mussel Mytilus edulis larvae. Marine Biology. 4865 

122, 597-603. 4866 

 4867 

Berthe, F. C. J., Le Roux, F., Adlard, R. D., Figueras, A. 2004. Marteiliosis in 4868 

molluscs: a review. Aquatic Living Resources. 17, 433-448. 4869 

 4870 

Butt, D., Aladaileh, S., O’Connor, W., Raftos, D. 2007a Effect of starvation on 4871 

biological factors related to immunological defense in the Sydney rock oyster 4872 

(Saccostrea glomerata). Aquaculture. 264, 82-91. 4873 

 4874 

Butt, D., Raftos, D. 2007c. Phenoloxidase-associated cellular defence in the Sydney 4875 

rock oyster, Saccosstrea glomerata, provides resistance against QX disease 4876 

infections. Developmental and Comparative Immunology. 32, 159-166. 4877 

 4878 

Butt, D., Shaddick, K., Raftos, D., 2006a. The effect of low salinity on phenoloxidase 4879 

activity in the Sydney rock oyster, Saccostrea glomerata. Aquaculture. 251, 159-166. 4880 

 4881 

Butt, D., Raftos, D. A. 2007b. Immunosuppression in Sydney rock oysters Saccostrea 4882 

glomerata and QX disease in the Hawkesbury River, Sydney. Journal of Marine and 4883 

Freshwater Research. 58, 213-221. 4884 

 4885 

Canesi, L., Ciacci, C., Betti, M., Lorusso, L. C., Marchi, B., Burattini, S., Falcieri, E., 4886 

Gallo, G. 2004a. Rapid effects of 17b-estradiol on cell signalling and function of 4887 

Mytilus hemocytes. General and Comparative Endocrinology. 136, 58-71. 4888 



 251 

Canesi, L., Lorusso, L. C., Ciacci, C., Betti, M., Zampini, M. Gallo, G. 2004b. 4889 

Environmental estrogens can effect the function of mussel hemocytes through rapid 4890 

modulation of kinase pathways. General and Comparative Endocrinology. 138, 58-69. 4891 

 4892 

Canesi, L., Lorusso, L. C., Ciacci, C., Betti, M., Rocchi, M., Pojana, G. Marcomini, 4893 

A. 2007. Immunomodulation of Mytilus hemocytes by individual estrogenic 4894 

chemicals and environmentally relevant mixtures of estrogens: In vitro and in vivo 4895 

studies. Aquatic Toxicology. 81, 36-44. 4896 

 4897 

Champeau, O., Narbonne, J.-F. 2006. Effects of Tri-butyl-tin and 17 ß-estradiol on 4898 

immune and lysosomal systems of the Asian clam Corbicula fluminea . 4899 

Environmental Toxicology and Pharmacology. 21, 323-330. 4900 

 4901 

Cheng, W., Hsiao, I-S., Chen, J-C. 2004a. Effect of ammonia on the immune response 4902 

of Taiwan abalone Haliotis diversicolor supertexta and its susceptibility to Vibrio 4903 

prahaemolyticus. Fish and Shellfish Immunology. 17, 193-202. 4904 

 4905 

Cheng, W., Hsiao, I-S., Hsu, C-H., Chen, J-C. 2004b. Change in water temperature on 4906 

the immune response of Taiwan abalone Haliotis diversicolor supertexta and its 4907 

susceptibility to Vibrio parahaemolyticus. Fish and Shellfish Immunology. 17, 235 4908 

243. 4909 

 4910 

Cheng, W., Li, C-H., Chen, J-C. 2004c. Effect of dissolved oxygen on the immune 4911 

response of Haliotis diversicolor supertexta and its susceptibility to Vibrio 4912 

parahaemolyticus. Aquaculture. 232, 103-115. 4913 



 252 

Cheng, W., Chieu, H-T., Ho, M-C., Chen, J-C. 2006. Noradrenaline modulates the 4914 

immunity of white shrimp Litopenaeus vannamei. Fish and Shellfish Immunology. 4915 

21, 11-19. 4916 

 4917 

Chu, F. E., Hale, R. C. 1994. Relationship between pollution and susceptibility to 4918 

infectious disease in the eastern oyster, Crassostrea virginica. Marine Environmental 4919 

Research. 38, 243-256. 4920 

 4921 

Chu, F. E., Voletyl, A. K., Hale, R. C., Huang, Y. 2002. Cellular responses and 4922 

disease expression in oysters Crassostrea virginica exposed to suspended field, 4923 

contaminated sediments. Marine Environmental Research. 53, 17-35. 4924 

 4925 

Cochennec-Laureau, N., Reece, K. S., Berthe, F. C. J., Hine, P. M. 2003. Microcytos 4926 

roughleyi taxonomic affiliation leads to the genus Bonamia Haplosporidia. Disease of 4927 

Aquatic Organisms. 54, 209-217. 4928 

 4929 

Coles, J. A., Farley, S. R., Pipe, R. K. 1994. Effects of fluoranthene on the 4930 

immunocompetence of the common marine mussel, Mytilus edulis. Aquatic 4931 

Toxicology. 30, 367-379. 4932 

 4933 

Daquinag, A. C., Nakamura, S., Takao, T., Shimonishi, Y., Tsukamoto, T. 1995. 4934 

Primary structure of a potent endogenous dopa-containing inhibitor of phenoloxidase 4935 

from Musca domestica. Proceedings from National Academy of Science. 92, 2964 4936 

2968. 4937 

 4938 



 253 

Davis, G. E., Richards, D. V., Haaker, P. L., Parker, D. O. 1992. Abalone population 4939 

declines and fishery management in southern California. In 'Abalone of the world: 4940 

Biology, fisheries and culture'. Ed. Sea Sheppard pp. 237-249. Blackwell  4941 

 4942 

Deaton, L. E., Jordan, P. J., Dankert, J. R. 1999. Phenoloxidase activity in the 4943 

hemolymph of bivalve mollusks. Journal of Shellfish Research. 18, 223-226. 4944 

 4945 

Delaporte, M., Soudant, P., Lambert, C., Moal, J., Pouvreau, S., Samain, J-F. 2006. 4946 

Impact of food availability on energy storage and defense related hemocyte 4947 

parameters of the Pacific oyster Crassostrea gigas during an experimental 4948 

reproductive cycle. Aquaculture. 254, 571-582. 4949 

 4950 

Delaporte, M., Soudant, P., Moal, J., Lambert, C., Quere, C., Miner, P., Choquet, G., 4951 

Paillard, C., Samain, J-F. 2003. Effect of a mono-specific algal diet on immune 4952 

functions in two bivalve species - Crassostrea giagas and Ruditapes philippinarum. 4953 

The Journal of Experimental Biology. 206, 3053-3064. 4954 

 4955 

Department of Industry and Investment 2005. 'Aquaculture Production Report 4956 

2004/2005.' 4957 

 4958 

Duchemin, M. B., Fournier, M., Auffret, M. 2007. Seasonal variations of immune 4959 

parameters in diploid and triploid Pacific oysters, Crassostrea gigas Thunberg. 4960 

Aquaculture. 264, 73-81. 4961 

 4962 

FAO. 2010. The state of world fisheries and aquaculture 2010. I 4963 



 254 

Fisher, W. S. 1986. Structure and function of oyster hemocytes. In 'Immunity in 4964 

Invertebrates'. Ed. M Brehelin. Springer-Verlag: Berlin  4965 

 4966 

Fisher, W. S., Olivera, L. M., Walkera, W. W., Manning, C. S. Lytleb, T. F. 1999. 4967 

Decreased resistance of eastern oyster Crassostrea virginica to a protozoan pathogen 4968 

Perkinsus marinus after sub-lethal exposure to Tri-butyl-tin oxide. Marine 4969 

Environmental Research. 47, 185-201. 4970 

 4971 

Fisheries, N. 2000. 'The oyster industry of NSW.' NSW Fisheries, Port Stephens 4972 

Fisheries Centre. 4973 

 4974 

Ford, S. E., Haskin, H. H. 1987. Infection and mortality patterns in strains of oysters 4975 

Crassostrea virginica selected for resistance to the parasite Haplosporidium nelsoni 4976 

MSX. Journal of Parasitology. 73,. 368-376. 4977 

 4978 

Ford, S. E., Powell, E., Klinck, J., Hofman, E. 1999. Modelling the MSX parasite in 4979 

Eastern oyster Crassostrea virginica populations. I. Model development, 4980 

implementation and verification. Journal of Shellfish Research. 18, 475-500. 4981 

 4982 

Gagnaire, B., Frouin, H., Moreau, K., Thomas-Guyon, H., Renault T. 2006. Effects of 4983 

temperature and salinity on haemocyte activities of the Pacific oyster, Crassostrea 4984 

gigas Thunberg. Fish and Shellfish Immunology. 20, 536-547. 4985 

 4986 

Gauthier-Clerc, S., Pellerin, J., Amiard, J. C. 2006. Estradiol-17β and testosterone 4987 

concentrations in male and female Mya arenaria Mollusca bivalvia during the 4988 



 255 

reproductive cycle. General and Comparative Endocrinology. 145, 133-139. 4989 

 4990 

Goedken, M., Morsey, B., Sunila, I., Dungan, C., De Guise, S. 2005. The effects of 4991 

temperature and salinity on apoptosis of Crassostrea virginica hemocytes and 4992 

Perkinsus marinus. Journal of Shellfish Research. 24, 177-183. 4993 

 4994 

Green, T. J., Barnes, A. C. 2010. Reduced salinity, but not estuarine acidification, 4995 

is a cause of immune-suppression in the Sydney rock oyster Saccostrea glomerata. 4996 

Marine Ecology Progress Series. 402, 161-170. 4997 

 4998 

Grundy, M. M., Ratcliffe, N. A., Moore, M. N. 1996. Immune inhibition in marine 4999 

mussels by polycyclic aromatic hydrocarbons. Marine Environment Research. 42, 5000 

187-190. 5001 

 5002 

Hauton, C., Hawkins, L. E., Hutchinson, S. 2000. The effects of salinity on the 5003 

interaction between a pathogen Listonella anguillarum and components of a host 5004 

Ostrea edulis immune system. Comparative Biochemistry and Physiology. 127, 203 5005 

212. 5006 

 5007 

Haysom, N. M. 1978. ' Annual Report of the Queensland Fisheries Service.' 5008 

Queensland Government, Brisbane. 5009 

 5010 

Heasman, M. P., Goard, L., Diemar, J., Callinan, R. B. 2000. 'Improved early survival 5011 

of mollusks: Sydney rock oyster Saccostrea glomerata.' NSW Fisheries, A.2.1, 5012 

Sydney. 5013 



 256 

Hegaret, H., Wikfors, G. H., Soudant, P. 2003. Flow-cytometric analysis of 5014 

haemocytes from eastern oysters, Crassostrea virginica, subjected to a sudden 5015 

temperature elevation II. Haemocyte functions: aggregation, viability, phagocytosis 5016 

and respiratory burst. Journal of Experimental Marine Biology and Ecology. 293, 5017 

249-265. 5018 

 5019 

Hegaret, H., Wikfors, G. H., Soudant, P., Delaporte, M., Alix, J. H., Smith, B. C., 5020 

Dixon, M. S., Quere, C., Le Coz, J. R., Pailard, C., Moal, J., Samain, J. F. 2004. 5021 

Immunological competence of eastern oysters, Crassostrea virginica, fed different 5022 

microalgal diets and challenged with a temperature elevation. Aquaculture. 234, 541 5023 

560. 5024 

 5025 

Hellio, C., Bado-Nilles, A., Gagnaire, B., Renault, T., Thomas-Guyon, H. 2006. 5026 

Demonstration of a true phenoloxidase activity and activation of a ProPO cascade in 5027 

Pacific-oyster, Crassostrea gigas Thunberg in vitro. Fish and Shellfish Immunology. 5028 

22, 433-440. 5029 

 5030 

Hillyer, J. F., Schmidt, S. L., Christensen, B. M. 2003. Hemocyte-mediated 5031 

phagocytosis and melanization in the mosquito Armigeres subalbatus following 5032 

immune challenge by bacteria. Cell Tissue Research. 313, 117-127. 5033 

 5034 

Hine, P. M. 1996. Southern hemisphere mollusc diseases and an overview of 5035 

associated risk assessment problems. Reviews in Science and Technology. 15, 563 5036 

577. 5037 

 5038 



 257 

Hooper, C., Day, R., Slocombe, R., Handlinger, J., Benkendorff, K. 2007. Stress and 5039 

immune responses in abalone: Limitations in current knowledge and investigative 5040 

methods based on other models. Fish and Shellfish Immunology. 22, 363-379/ 5041 

 5042 

Kleeman, S. N., Adlard, R. D., Lester, R. J. G. 2002. Detection of the initial infective 5043 

stages of the protozoan parasite Marteilia sydneyi in Saccostrea glomerata and their 5044 

development through to sporogenesis. International Journal for Parasitology. 32, 767 5045 

784. 5046 

 5047 

Kuchel, R. P., Aladaileh, S., Birch, D., Vella, N., Raftos, D. A. 2010a. Phagocytosis 5048 

of the protozoan parasite, Marteilia sydneyi, by Sydney rock oyster Saccostrea 5049 

glomerata haemocytes. Journal of Invertebrate Pathology. 104, 97-104. 5050 

 5051 

Kuchel, R. P., Nair, S., Raftos, D. A. 2010b Immunosuppressive effects of 5052 

environmental stressors on immunological function in Pinctada imbricata. Fish and 5053 

Shellfish Immunology. 29, 930-936. 5054 

 5055 

Kuchel, R. P., Raftos, D. A. 2011a. In vitro effects of noradrenaline on Akoya pearl 5056 

oyster (Pinctada imbricata) haemocytes. Fish and Shellfish Immunology. 31, 365– 5057 

372. 5058 

 5059 

Kurtz, J. 2005. Specific memory within innate immune systems. Trends in 5060 

Immunology. 26, 186-192. 5061 

 5062 

Kurtz, J., Armitage, S. A. O. 2006. Alternative adaptive immunity in invertebrates. 5063 



 258 

Trends in Immunology. 27, 493-496. 5064 

 5065 

Lacoste, A., Malham, S. K., Cueff, A., Poulet, S. A. 2001a. Stress and stress-induced 5066 

neuroendocrine changes increase the susceptibility of juvenile oysters Crassostrea 5067 

gigas to Vibrio splendidus. Applied Environmental Microbiology. 67, 2304-2309. 5068 

 5069 

Lacoste, A., Malham, S. K., Cueff, A., Poulet, S. A. 2001b. Noradrenaline modulates 5070 

oyster hemocyte phagocytosis via a β-adrenergic receptor-cAMP signalling pathway. 5071 

General and Comparative Endocrinology. 122, 252-259. 5072 

 5073 

Lacoste, A., Malham, S. K., Cueff, A., Poulet, S. A. 2002c. Stress-induced 5074 

catecholamine changes in the hemolymph of the oyster Crassostrea gigas. General 5075 

and Comparative Endocrinology. 122, 181-188. 5076 

 5077 

Lacoste, A., Malham, S. K., Cueff, A., Poulet, S. A. 2001d. Noradrenaline reduces the 5078 

stimulatory effect of interleukin-1α on reactive oxygen species production by oyster 5079 

immunocytes. Invertebrate Biology. 120, 358-364.  5080 

 5081 

Lacoste, A., Jalabert, F., Malham, S. K., Cueff, A., Poulet, S. A. 2001e. Stress and 5082 

Stress-Induced Neuroendocrine Changes Increase the Susceptibility of Juvenile 5083 

Oysters Crassostrea gigas to Vibrio splendidus. Applied and Environmental 5084 

Microbiology. 67, 2304-2309. 5085 

 5086 

Lacoste, A., Malham, S. K., Gelebarta, F., Cueff, A., Poulet, S. A. 2002. Stress 5087 

induced immune changes in the oyster Crassostrea gigas. Developmental and 5088 



 259 

Comparative Immunology. 26, 1-9. 5089 

Lafferty, K. D., Kuris, A. M. 1993. Mass mortality of abalone Haliotis cracherodii on 5090 

the Californian Channel Islands: Tests of epidemiological hypotheses. Marine 5091 

Ecology Progress Series. 96, 239-248. 5092 

 5093 

Lafferty, K. D., Kuris, A. M. 1999. How environmental stress affects the impacts of 5094 

parasites. Limnology and Oceanography. 44, 925-931. 5095 

 5096 

Lanz, H., Hernandez, S., Garrido-Guerrero, E., Tsutsumi, V., Arechiga, H. 1993. 5097 

Prophenoloxidase system activation in the crayfish Procambarus clarki. 5098 

Developmental and Comparative Immunology. 17, 399-406. 5099 

 5100 

Lester, R. J. G. 1986. Field and laboratory observations on the oyster parasite 5101 

Marteilia sydneyi. In 'Parasite Lives'. Eds M Cremin, C Dobson and DE Moorhouse 5102 

pp. 33-40. University of Queensland Press: Brisbane  5103 

 5104 

Ling, E., Yu, X-Q. 2005. Prophenoloxidase binds to the surface of hemocytes and is 5105 

involved in hemocyte melanization in Manduca sexta. Insect Biochemistry and 5106 

Molecular Biology. 35, 1356-1366. 5107 

 5108 

Malham, S. K., Lacoste, A., Gelebarta, F., Cueff, A., Poulet, S. A. 2003. Evidence for 5109 

a direct link between stress and immunity in the mollusc Haliotus tuberculata. Journal 5110 

of Experimental Zoology. 295A, 136-144. 5111 

 5112 

Marmaras, V. J., Charalambidis, N. D., Zervas, C. G. 1996. Immune response in 5113 



 260 

insects: The role of phenoloxidase in defense reactions in relation to melanization and 5114 

sclerotization. Archives of Insect Biochemistry and Physiology. 31, 119-133. 5115 

 5116 

Martello, L. B., Friedman, C. S., Tjeerdema, R. S. 2000. Combined effects of 5117 

pentachlorophenol and salinity stress on phagocytic and chemotactic function in two 5118 

species of abalone. Aquatic Toxicology. 49, 213-225. 5119 

 5120 

Matozzo, V., Monari, M., Foschi, J., Papi, T., Cattani, O., Marin, M. G. 2005. 5121 

Exposure to anoxia of the clam Chamelea gallina I. Effects on immune responses. 5122 

Journal of Experimental Marine Biology and Ecology. 49, 213-225. 5123 

 5124 

Munoz, P., Meseguer, J., Esteban, M. A. 2006. Phenoloxidase activity in three 5125 

commercial bivalve species. Changes due to natural infestation with Perkinsus 5126 

atlanticus. Fish and Shellfish Immunology. 20, 12-19. 5127 

 5128 

Naciri-Graven, Y., Martin, A. G., Baud, J. P., Renault, T., Gerard, A. 1998. Selecting 5129 

flat oyster Ostrea edulis for survival when infected with the parasite Bonamia ostreae. 5130 

Journal of Experimental Marine Biology and Ecology. 224, 91-107. 5131 

 5132 

Nair, S. V., Del Valle, H., Gross, P. S., Terwilliger, D. P., Smith, L. C. 2005. 5133 

Macroarray analysis of coelomocyte gene expression in response to LPS in the sea 5134 

urchin. Identification of unexpected immune diversity in an invertebrate. 5135 

Physiological Genomics. 22, 33-47. 5136 

 5137 

Nell, J. 2002. The Australian oyster industry. World Aquaculture. 1, 8-10. 5138 



 261 

Nell, J. 2003. 'Diseases of Sydney rock oysters.' NSW Fisheries, Port Stephens 5139 

Fisheries Centre. 5140 

 5141 

Nell, J., Perkins, B. 2006. Evaluation of the progeny of third-generation Sydney rock 5142 

oyster Saccostrea glomerata Gould, 1850 breeding lines for resistance to QX disease 5143 

Marteilia sydneyi and winter mortality Bonamia roughleyi. Aquaculture Research. 37, 5144 

693-700. 5145 

 5146 

Nell, J. A. 1993. Farming the Sydney rock oyster Saccostrea commercialis in 5147 

Australia. Reviews in Fisheries Science. 1, 97-120. 5148 

 5149 

Nell, J. A. 2001a. The history of oyster farming in Australia. Marine Fisheries 5150 

Review. Vol. 63, 14-25. 5151 

 5152 

Nell, J. A. 2001b. 'Oyster Industry Report.' NSW Fisheries, Sydney. 5153 

 5154 

Nell, J. A., Hand, R. E. 2003. Evaluation of the progeny of second-generation Sydney 5155 

rock oyster Saccostrea glomerata Gould, 1850 breeding lines for resistance to QX 5156 

disease Marteilia sydneyi. Aquaculture. 228, 1-9. 5157 

 5158 

Oehlmann, J., Schulte-Oehlmann, U. 2003. Endocrine disruption in invertebrates. 5159 

Pure Applied Chemistry. 75, 2207-2218. 5160 

 5161 

Ottaviani, E., Franchini, A., Franceschi, C. 1998. Presence of immunoreactive 5162 

corticotropin-releasing hormone and cortisol molecules in invertebrate haemocytes 5163 



 262 

and lower and higher vertebrate thymus. The Histochemical  Journal. 30, 61-67. 5164 

 5165 

Parry, H. E., Pipe, R. K. 2004. Interactive effects of temperature and copper on 5166 

immunocompetence and disease susceptibility in mussels Mytilus edulis. Aquatic 5167 

Toxicology. 69, 311-325. 5168 

 5169 

Perkins, F. O., Wolf, P. H. 1976. Fine structure of Marteilia sydneyi sp. n. 5170 

Haplosporidian pathogen of Australian oysters. Journal of Parasitology. 62, 528-538. 5171 

 5172 

Peters, R., Raftos, D. A. 2003. The role of phenoloxidase suppression in QX disease 5173 

outbreaks among Sydney rock oysters Saccostrea glomerata. Aquaculture. 223, 29 5174 

39. 5175 

 5176 

Pipe, R. K. 1990. Hydrolytic enzymes associated with the granular haemocytes of the 5177 

marine mussel Mytilus edulis. Journal of Histochemistry. 22, 595-603. 5178 

 5179 

Pipe, R. K., Coles, J. A., Carisaan, F. M., Ramanathan, K. 1999. Copper induced 5180 

immunomodulation in the marine mussel, Mytilus edulis. Aquatic Toxicology. 46, 43 5181 

54. 5182 

 5183 

Pipe, R. K., Farley, S. R., Coles, J. A. 1997. The separation and characterization of 5184 

haemocytes from the mussel Mytilus edulis. Cell Tissue Research. 289, 537-545. 5185 

 5186 

Porte, C., Janer, G., Lorusso, L. C., Ortiz-Zarragoitia, M., Cajaraville, M. P., Fossi, 5187 

M. C., Canesi, L. 2006. Endocrine disruptors in marine organisms: Approaches and 5188 



 263 

perspectives. Comparative Biochemistry and Physiology. 143, 303-315. 5189 

 5190 

Ringwood, A. H., Conners, D. E., Hoguet, J. 1998. Effects of natural and 5191 

anthropogenic stressors on lysosomal destabilization in oysters Crassostrea virginica. 5192 

Marine Ecology Progress Series. 166, 163-171. 5193 

 5194 

Roch, P. 1999. Defense mechanisms and disease prevention in farmed marine 5195 

invertebrates. Aquaculture. 172, 125-145. 5196 

 5197 

Roubal, F. R., Masel, J., Lester, R. J. G. 1989. Studies on Marteilia sydneyi, agent of 5198 

QX disease in the Sydney rock oyster, Saccrostrea commercialis, with implications 5199 

for its life cycle. Australian Journal of Marine and Freshwater Research. 40, 155-167. 5200 

 5201 

Sakharov, D. A., Salanki, J. 1982. Effect of dopamine antagonists on snail 5202 

locomotion. Cellular and Molecular Life Sciences. 38, 1090-1091. 5203 

 5204 

Simonian, M., Nair, S. V., Nell, J. A., Raftos, R. A. 2008. Proteomic clues to the 5205 

identification of QX disease-resistance biomarkers in selectively bred Sydney rock 5206 

oysters, Saccostrea glomerata. Journal of Proteomics. 73, 209-217. 5207 

 5208 

Smith, I. R., Nell, J. A., Adlard, R. 2000. The effect of growing level and growing 5209 

method on winter mortality, Mikrocytos roughley, in diploid and triploid Sydney rock 5210 

oysters, Saccostrea glomerata. Aquaculture. 185, 197-205. 5211 

 5212 

Smith, L. C., Rast, J. P., Brockton, V., Terwilliger, D. P., Nair, S. V., Buckley, K. M., 5213 



 264 

Majeske, A. J. 2006. The sea urchin immune system. Invertebrate Survival Journal. 3, 5214 

25-39. 5215 

 5216 

Smith, V. J., Söderhäll, K. 1991. A comparison of phenoloxidase activity in the blood 5217 

of marine invertebrates. Developmental and Comparative Immunology. 15, 251-261. 5218 

 5219 

Snieszko, S. F. 1974. The effects of environmental stress on outbreaks of infectious 5220 

diseases of fishes. Journal of Fish Biology. 6, 197-208. 5221 

 5222 

Söderhäll, K. 1999. Editorial: Invertebrate Immunity. Developmental and 5223 

Comparative Immunology. 23, 263-266. 5224 

 5225 

Söderhäll, K., Cerenius, L. 1998. Role of prophenoloxidase-activating system in 5226 

invertebrate immunity. Current Opinion in Immunology. 10, 23-28. 5227 

 5228 

Söderhäll, K., Cerenius, L., Johansson, M. W. 1994. The Prophenoloxidase activating 5229 

system and its role in invertebrate defence. Annals New York Academy of Sciences. 5230 

712, 155-161. 5231 

 5232 

Söderhäll, K., Thornqvist, P-O. 1997. Crustacean Immunity. Fish Vaccinology. 90, 5233 

45-51. 5234 

 5235 

Sorrentino, R. P., Carton, Y., Govind, S. 2002. Cellular immune response to parasite 5236 

infection in the Drosophila lymph gland is developmentally regulated. Developmental 5237 

Biology. 243, 65-80. 5238 



 265 

 5239 

Sritunyalucksana, K., Söderhäll, K. 2000. The proPO and clotting system in 5240 

crustaceans. Aquaculture. 191, 53-69. 5241 

 5242 

Sung, H-H., Chang, H-J., Her, C-H., Chang, J-C., Song, Y-L. 1998. Phenoloxidase 5243 

activity of hemocytes derived from Penaeus monodon and Macrobrachium 5244 

rosenbergii. Journal of Invertebrate Pathology. 71, 26-33. 5245 

 5246 

Teyke, T., Rosen, S. C., Weiss, K. R., Kupfermann, I. 1993. Dopaminergic neuron 5247 

B20 generates rhythmic neuronal activity in the feeding motor circuitry of Aplysia. 5248 

Brain Research. 603, 226-237. 5249 

 5250 

Terwilliger, D. P., Buckley, K. M., Mehta, D., Moorjani, P. G., Smith, L. C. 2006. 5251 

Unexpected diversity displayed in cDNA's expressed by the immune cells of the 5252 

purple sea urchin, Strongylocentrotus purpuratus. Physiological Genomics. 26, 134 5253 

144. 5254 

 5255 

Watson, F. L., Puttmann-Holgado, R., Thomas, F., Lamar, D. L., Hughes, M., Kondo, 5256 

M., Rebel, V. I., Schmucker, D. 2005. Extensive diversity of Ig-superfamily proteins 5257 

in the immune system of insects. Science. 309, 1874-1878. 5258 

 5259 

Wang, G., Liu, B., Tang, B., Zhang, T., Xiang, J. 2006. Pharmacological and 5260 

immunolocytochemical investigation of the role of catecholamines on larval 5261 

metamorphosis by ß-adrenergic-like receptors in the bivalve Meretrix meretrix. 5262 

Aquaculture. 258, 611-618. 5263 



 266 

 5264 

Wesche, S. J. 1995. Outbreaks of Marteilia sydneyi in Sydney rock oysters and their 5265 

relationship with environmental pH. Bulletin of the European Association of Fish 5266 

Pathology. 15, 23-27. 5267 

 5268 

Xia, Y., Dean, P., Judge, A. J., Gillespie, J. P., Clarkson, J. M., Charnley, A. K. 2000. 5269 

Acid phosphatases in the haemolymph of the desert locust, Schistocerca gregaria, 5270 

infected with the entomopathogenic fungus Metarhizium anisopliae. Journal of Insect 5271 

Physiology. 46, 1249-1257. 5272 

 5273 

Yamamoto, K., Yakiyama, M., Fujii, H., Kusakabe, T., Koga, K., Aso, Y., Ishiguro, 5274 

M. 2000. Expression of prophenoloxidase mRNA during silkworm hemocyte 5275 

development. Bioscience Biotechnology and Biochemistry. 64, 1197-1202.  5276 

 5277 

Zhang, S-M., Adema, C. M., Kepler, T. B., Loker, E. S. 2004. Diversification of Ig 5278 

superfamily genes in an invertebrate. Science. 305, 251-254. 5279 

 5280 

Zhang, S-M., Loker, E. S. 2003. The FREP gene family in the snail Biomphalaria 5281 

glabrata: additional members, and evidence consistent with alternative splicing and 5282 

FREP retrosequences. Developmental and Comparative Immunology. 27, 175-187. 5283 

 5284 

Zhang, Z., Li, X. 2006. Evaluation of the effects of grading and starvation on the 5285 

lysosomal membrane stability in pacific oysters, Crassostrea gigas (Thunberg) by 5286 

using neutral red retention assay. Aquaculture. 256, 537-541. 5287 

 5288 




