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1.1 Bivalve aquaculture

1.1.1 Global production of marine bivalves

Bivalve mollusks include mussels, oysters, clams, and scallops. Clams and oysters, as

the major groups, contribute 38% and 33% to the global bivalve production, which is

above 15 million tons per year, while scallops account for only 17% and mussels for 13%

(FAO, 2020). More than 85% of the global marine bivalve production comes from Asia

with over 90% of Asian marine bivalve production currently being produced in China

(Figure 1-1). North and South America produce 9% of the global marine bivalve

production, more specifically the United States (oysters, clams), Chile (mussels and

scallops), Canada (mussels), and Peru (scallops). Europe is responsible for 5.5% of the

global production of marine bivalves, consisting mainly of mussels.

Figure 1- 1. Evolution of the production (million tons per year from 1970 to 2015) of marine

bivalves from capture fisheries and aquaculture together for the different continents. Bivalve

mollusks are grouped as clams, mussels, oysters and scallops. (From Wijsman et al., 2019)
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1.1.2 Importance of bivalve aquaculture

Due to rising incomes worldwide, combined with the favorable characteristics of bivalves,

there has been a substantial increase of the demand for bivalves over time. The direct

capture production of marine bivalves has remained relatively constant since the 1970’s

(1.78 million tons per year), but the aquaculture production of marine bivalves increased

from 1.18 million tons per year in the period 1970-1974 to 13.47 million tons per year in

the period 2010-2015 (Wijsman et al., 2019). Today, most of the marine bivalve

production (89%) comes from aquaculture, with a total economic value of USD 20.6

billion per year, while only the remaining 11% corresponds to wild fisheries (Wijsman et

al., 2019).

Bivalve shellfish aquaculture provides many benefits to society. The high global

production of bivalve aquaculture fulfills part of the food demand of the growing world

population, particularly in Asia. In addition to food supply, there is a growing recognition

of the wider ecosystem benefits of bivalve aquaculture in coastal waters, including

regulating services such as carbon sequestration, nutrient remediation, coastal defense

and indirect benefits arising from shellfish beds and reefs (Lindahl et al., 2005;

Rönnbäck et al., 2007; Herbert et al., 2012; Seitz et al., 2014).

1.1.3 The importance of bivalve hatcheries

Aquaculture of some marine bivalves is still dependent on fisheries and availability of

natural stocks. Seed of the blue mussel Mytilus edulis is for instance fished from the

natural mussel banks in The Netherlands while in France, competent larvae (ready for

settlement) of the Pacific oyster Crassostrea gigas and flat oyster Ostrea edulis are

collected from the wild utilizing spat collectors. Culture of these species therefore

depends on the availability of wild stocks, and consequently shows huge fluctuations

from year to year, determined by the success of natural spat fall. A shortage in the

natural supply of the seed of bivalves such as oysters and clams has been documented

over the past decades because of the depletion and/or overexploitation of natural beds,



CHAPTER-1

4

disease outbreaks and unfavorable environmental conditions (Romero et al., 1999; Ojea

et al., 2008; Gosling, 2015). All these handicaps hence have promoted bivalve

hatcheries to gain importance as the only feasible solution to support bivalve husbandry

(Dubert et al., 2017b).

Hatcheries are also vital for the development of bivalve selection breeding programs to

achieve disease resistance (e.g. against bacteria and viruses), predator resistance,

stress resistance, decreased unwanted reproduction and increased meat content

(Capelle et al., 2016; Tan et al., 2020). The potential of hatchery production is highlighted

in China, which accounts for 80% of global production of Pacific oysters (C. gigas) (Yang

et al., 2020), and the sector now relies almost entirely on hatchery sourced spat (Li et al.,

2011). In New Zealand, the largest aquaculture industry is GreenshellTM mussel Perna

canaliculus (GSM) aquaculture, with a production of 104,000 metric tons per year.

(Symonds et al., 2019). Although the industry still relies predominantly on wild-caught

juveniles (spat), hatcheries have enabled the production of selectively bred GSM spat for

commercial production, whereas previously, farming wild spat precluded genetic

improvement (Camara and Symonds, 2014). Successful breeding programmes have

been established for bivalves worldwide, which will drive genetic and economic gain, in

support of further development of this valuable aquaculture industry (Nascimento-

Schulze et al., 2021).

In hatcheries, broodstock animals are conditioned in tanks until spawning, followed by

transferring fertilized embryos to larval tanks where larvae go through different stages of

development (Figure 1-2). Undergoing settlement and metamorphosis, the resulting spat

is grown in spat tanks until they reach an acceptable size that supports the culture out of

hatchery. In the field, juveniles are fattened in the natural environment until they reach

the commercial size (Prado et al., 2010; Dubert et al., 2017b).

All these routine hatchery procedures are highly susceptible to microbial contamination

through the seawater or through cross contamination from broodstock to larvae or
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through the phytoplankton used as food (Dubert et al., 2016a; 2017b). For normal

hatchery operations, effective prophylactic approaches are necessary. The classical

treatments aimed to reduce the bacteria in seawater to a minimum, which constitutes an

unfeasible and undesirable objective because some bacteria are able to enhance larval

development and are therefore desirable. At present, efforts should be devoted to

microbial management of the seawater circuit, the phytoplankton production systems,

and the broodstock conditioning system in order to grow bivalve larvae successfully

(Dubert et al., 2017b).

Figure 1- 2. Schematic representation of bivalve husbandry. (From Dubert et al., 2017b)
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1.2 General bivalve larval development

1.2.1 Life cycle

Bivalve mollusks have often separate sexes but scallop species for example are mostly

simultaneous hermaphrodites. Often, the gender of bivalves can change from year to

year, mostly depending on age and environmental conditions. For example, in habitats

with a high food supply, the sex ratio in a Pacific oyster adult population tends to favor

females, and areas with low food abundances tend to have a larger proportion of male

adults (Quayle, 1988).

Bivalve adults are in general fertile from one year onwards during the reproductive

season (Chesman and Langston, 2006; Pope et al., 2015; Grilo and Rosa, 2017). Most

of the tropical bivalves can produce gametes during the whole year. The bivalves in

temperate regions normally have two spawning seasons, late spring and autumn when

the quantities of phytoplankton reach high levels (Gosling, 2015). Hence for these

bivalves, when temperature is low and food availability is limited in winter, the oogenesis

(previtellogenesis) occurs with glycogen reserves as fuel (Bayne, 1976). The formation

of oocytes (vitellogenesis) occurs in spring and involves lipid storage in the egg yolk.

Spawning is then triggered by (1) internal factors such as the hormonal cycle and (2)

external factors such as temperature, food availability, salinity and tidal changes (Bayne,

1976; Grilo and Rosa, 2017). Among these, food availability and water temperature are

the most influencing factors. During spawning, eggs and sperm are released into the

surrounding seawater where fertilization takes place subsequently (Bayne, 1976).

Different stages in the bivalve life cycle are described in Figure 1-3, with Pacific oyster

as an example. Similar to other bivalve species, fertilized eggs undergo meiotic divisions,

and then the ciliated embryos pass through the blastula and gastrula stages, developing

into the first motile planktonic stage (trochophore larvae). Trochophore larvae are not yet

capable to take up exogenous food, and are therefore fueled by their internal yolk

material. A subsequent veliger larva displays a stretchable velum with long bushy cilia,
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serving to capture food particles and keep the larvae suspended (Douillet, 1993). The

prodissoconch I stage (D-larvae/straight-hinged larvae) is characterized by a transparent

D-shape shell. The prodissoconch II stage (II-stage veliger larvae) has a visible umbo.

During the pediveliger larval stage, the foot will start to develop. Generally speaking, the

larval period for bivalve species in temperate waters is between 15 and 30 days,

depending on water temperature, food supply, and salinity (Zaidi et al., 2003), but is less

than 15 days for tropical species. After this period, larvae start searching sites and

substrates to settle. Once larvae find a suitable habitat, they attach to it (permanently in

case of the Pacific oyster) using cement secreted from a gland in the foot. After

settlement, the larvae metamorphose into spat, which resembles the adults in shape.

Growth is very rapid under optimal environmental conditions, and market size can be

achieved in 18 to 30 months in the case of Pacific oyster (Vogeler et al., 2016; Buck et

al., 2017).

Figure 1-3. Life cycle of the Pacific oyster, Crassostrea gigas. hpf: h post fertilisation; dpf:

days post fertilisation; mpf: month post fertilization. (From Vogeler et al., 2016)
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1.2.2 Embryonic development

The embryonic development of bivalve mollusks is illustrated in Figure 1-4, taking

Chione cancellata as an example. Sperm cells are characterized by a short arched head

with an elongated acrosome protected by a thick envelope (Figure1-4 A), which breaks

down on contact with the ovular microvilli and glycocalyx (Figure1-4 B). The first

cleavage occurs 30 min after fertilization and results in two unequal blastomeres

(Figure1-4 C). Successive cleavages produce an intermediate morula, which develops

successively into a blastula and an early gastrula 4 h post fertilization (hpf) (Figure1-4

D). At 6 hpf, the gastrula is characterized by two depressions: a small round blastopore

anteriorly, which prefigures the future prototroch, and a large open cave posteriorly,

which will develop into the periostracum (Figure1-4 E). At 9 hpf, the late gastrula has

differentiated into a typical motile trochophore possessing a well-developed prototroch.

The new shell material appears as a transverse pad with a wrinkled surface (Figure1-4

F). At 10 hpf, bilateral symmetry is established, while the trochophore is still spherical

(Figure1-4 G). At 12 hpf, bilateral symmetry is now obvious and the hinge line is well

delineated (Figure1-4 H). At 15 hpf, the valves, while covering the entire body and

compressing the trochophore laterally, still appear uncalcified as suggested by their

wrinkled aspect. The velum is now well developed (Figure1-4 I). At 24 hpf, the newly

hatched veliger larva or D-larva is enclosed in the calcified prodissoconch I,

characterized by its smooth surface. The velum extends between the shell valves during

swimming or feeding (Figure1-4 J). The outer preoral band of the velum consists of

double cirri with up to 7 cilia per row (Figure1-4 K and L) (Mouëza et al., 2006).
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Figure 1-4. Embryonic development in clam Chione cancellata. (A) Sperm lying on the surface of

an oocyte. Scanning electron microscopy (SEM). (B) Initial fertilization wherein the inner

membrane of the acrosome is linked to the ovular microvilli. Transmission electron microscopy

(TEM). (C) Two-cell embryo with unequal blastomeres. SEM. (D) Early gastrula, 4 hpf. There are

two weak depressions in the vegetal pole. SEM. (E) Late gastrula, 6 hpf. A small round blastopore

anteriorly (curved arrow). SEM. (F) Trochophore larva, 9 hpf. Transverse pad (asterisk); P:

prototroch; T: telotroch. SEM. (G) Saddle-stage trochophore, 10 hpf. Curved arrow: blastopore.

SEM. (H) Postero-lateral view of a trochophore, 12 hpf. SEM. (I) Trochophore at 15 hpf. T: cilia

from the telotroch; V: velum. SEM. (J) Early veliger or D-larva at 24 hpf. The straight hinge is

indicated by arrowheads. SEM. (K) View of ciliary bands of the velum. SEM. (L) Section through

the velar margin showing the insertion of the pre-oral cirri. Double cirri (OP1 and OP2). TEM.

Scale bar, 0.3 μm (A), 1 μm (B), 10 μm (C-I), 1 μm (J-L). (Adapted from Mouëza et al., 2006).

K L
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1.2.3 Shell differentiation

Hinge and shell-field differentiation in bivalves from early gastrula to D-veliger larvae is

illustrated in Figure 1-5. The formation of the bivalve shell begins from the early stages

of larval development (Stephenson and Chanley, 1979; Kniprath, 1980; Redfearn et al.,

1986; Hodgson and Burke, 1988; Cragg, 2006; Wassnig and Southgate, 2012; Zhang et

al., 2012). The first observable part of the bivalve shell is the periostracum (Wassnig and

Southgate, 2012), which is produced by periostracum-secretory (T1) cells (Aranda-

Burgos et al., 2014). At first, the periostracum is developed continuously until the

ligament-secretory (T2) cells reach the surface of the shell-field epithelium and set apart

the T1 cells during the middle trochophore stage. Now the hinge line becomes obvious.

Shell-secretory (T3) cells, produced from T1 cells, produce the second organic layer of

the shell during the D-larva stage and are involved in the shell calcification. At this stage,

the three types of shell secretory cells are differentiated. The T1 cells secrete the first

organic layer of the shell (i.e., the periostracum). The T2 cells secrete a material specific

to the ligament. The T3 cells build up the secondary organic layer that will enclose

calcium crystals.
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Figure 1-5. Hinge and shell-field differentiation in Chione cancellata from early gastrula to D-

veliger larvae. A pairwise comparison is presented between diagrammatic cross-sections (left)

through the shell-field versus scanning electron microscope (SEM) views (right) during embryonic

development. A1, A2, A3, An are the T3 cells produced from T1 cell (A); the same applies for B, C,

and D. 4 hpf: early gastrula; 6 hpf: late gastrula; 9 hpf: early trochophore larva; 12 hpf: middle

trochophore larva; 15 hpf: late trochophore larva; 24 hpf: D-larva. (From Mouëza et al., 2006)

4 hpf

6 hpf

9 hpf

12 hpf

15 hpf

24 hpf
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1.2.4 Development of the larval muscle system

A summary diagram of the ontogeny of bivalve larval muscles is shown in Figure 1-6.

The first muscle cells appear at the trochophore stage and form a muscle ring by the

time the larva has reached the early veliger stage. The muscle ring becomes striated

and transforms into larval retractors at the middle veliger stage and velum retractor

muscle at the D-veliger stage. The D-veliger has a functional muscle system and forms

smooth anterior adductors, analogue to the adult muscles. At the pediveliger stage, the

retractor muscle starts to develop around the stomach, and the smooth anterior

adductors are already well developed. At the juvenile stage, the larval striated retractors

are resorbed. Smooth adductors, stomach muscles, gill muscle, foot muscle, and paired

mantle muscle are distinctly visible.
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Figure 1-6. A schematic representation of the muscle components in larval development of the

mussel Mytilus trossulus. Early (A), middle (B), and late (C) trochophore stages. Early (D and E),

middle (F), D- (G) veliger stages. Pediveliger stage (H). Early juvenile stage (I). a: anus; a.f.:

apical flagellum; ant.ad.: anterior adductor; dmm: digestive mass muscle; es: esophagus; f.m.:

foot muscle; g.m.: gill muscle; in: intestine; lp: larval protractor; lr: larval retractor; m: mouth; mf:

muscle fiber; m.m.: mantle muscle; mr: muscle ring; myo: myocyte; p.ad.: posterior adductor; s:

stomach; sgc: shell ganglia cells; s.m.: stomach muscle; sr: shell rudiment. (From Dyachuk and

Odintsova, 2009)

1.2.5 Larval organogenesis

The typical early organogenesis of marine bivalves is illustrated in Figure 1-7. Only

limited organogenesis occurs in early straight hinged D-larvae, starting with the
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development of a visible stomach (Figure 1-7 A). The velum extends outwards from the

valves, and beats repeatedly to achieve locomotion and feeding. Soon thereafter, the D-

larvae are developing an alimentary system complete with an esophagus, digestive

diverticulum, and apical ganglion seen in a sagittal section (Figure 1-7 B). The digestive

diverticulum consists of pockets of digestive tubules or vacuoles and is differentiated

from the stomach which appears oval shaped and merged as one complete system.

The early umbo stage shows progression in organogenesis and a complete alimentary

system has developed with a style sac dorsally of the stomach and ventrally of the hinge

(Figure 1-7 C). A well-developed velum is present and a mouth opening is seen (Figure

1-7 C). A posterior adductor muscle has developed posteriorly to the digestive

diverticulum and anteriorly of the mantle edge, and an intestine is developing (Figure 1-

7 D).

The late umbo stage larvae have a well-developed umbo and a larger stomach and

digestive diverticulum (Figure 1-7 E). A sagittal section shows a velum retractor muscle

lying posterior to the mouth and velum, with a long esophagus extending from the

stomach towards the velum (Figure 1-7 F).

At the pediveliger stage, the majority of larvae has developed an eye spot and begins

extending their foot out of the shell and touching the substratum. The beginning of velum

re-absorption is also seen in some larvae (Figure 1-7 G). A transverse section reveals a

pedal ganglion at the base of a well-developed foot (Figure 1-7 H).
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Figure 1-7. Light images and histological sections of D-veliger larvae to pediveliger larvae of

mussel Perna canaliculus. (A) D-veliger stage (two days old). (B) Sagittal section of a D-larva

(three days old). (C) Early veliger stage (nine days old). (D) Sagittal section of an early umbo

larva (seven days old). (E) Late veliger stage (13 days old). (F) Sagittal section of late umbo larva

(13 days old). (G) Larva of pediveliger (18 days old) with prominent foot. Unlabelled arrows show

velum cells breaking down and being reabsorbed. (H) Transverse section of pediveliger (18 days

old). Abbreviations: AAM: anterior adductor muscle; AG: apical ganglion; Ci: cilia; DD: digestive

diverticulum; E: esophagus; F: foot; GR: gill rudiment; I: intestine; PAM: posterior adductor muscle;

Pf: pseudofaeces; M: mouth; S: stomach; SS: style sac; U: umbo; Ve: velum; Vr: velar retractor

muscle. Scale bars, 20 µm. (Adapted from Rusk et al., 2017).

1.2.6 Development of immune system in bivalve larvae

In bivalves, the differences in the susceptibility to pathogens between larvae, juveniles

and adults represent the different expression levels of immune-related genes during

ontogenesis (Tirapé et al., 2007; Balseiro et al., 2013). While some studies on immunity

in oyster adults have been performed (Song et al., 2010; Bassim et al., 2015; Allam and

Espinosa, 2016), so far, little is known about the ontogenesis of the immune system

(Montagnani et al., 2005; Jenny et al., 2006).

The early development of animals is programmed by maternally synthesized RNAs and

proteins that are loaded into the developing oocyte (Dawid, 1987). Most transcripts

detected during the first two developmental stages (oocytes and 2–4 cell embryos) are

not produced by the embryo itself but are of maternal origin (Cheng and Rodrick, 1975;

Tirapé et al., 2007; Yue et al., 2013b; Wang et al., 2015). Because the subsequent

phases of embryogenesis require products encoded by zygotically synthesized transcript

(Andéol, 1994), these maternal RNAs are rapidly degraded in morula, blastula and

gastrula stages (Tirapé et al., 2007). The transcription of immune genes in embryos is

initiated during the compacted morula stage, it remains low in the gastrula and is
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unaffected following a bacterial challenge, which means that the immune system is

rudimentary and immature in early embryonic stages (Tirapé et al., 2007).

The trochophore and D-veliger are the early planktonic stages following the embryonic

period in bivalve larval development. It is speculated that the immune system begins

forming along with the tissue differentiation and organogenesis during these stages

(Kennedy et al., 1996; Li et al., 2010). It has been reported that the hemocytes might

appear during the gastrula-trochophore stage in oyster C. gigas (Tirapé et al., 2007),

while they were observed in the larvae of O. edulis and Crassostrea virginica at about 24

hpf (Yonge, 1926; Silverstein, 1995; Elston, 1980b). Recently, the trochophore (24 hpf)

and veliger larvae (72 hpf) of Mytilus galloprovincialis were reported to possess the

ability to phagocytose foreign particles (Escherichia coli and zymosan) (Balseiro et al.,

2013). The expression of immune-related genes in bivalve larvae suggests that

numerous immune processes like immune recognition, signal transduction, apoptosis

and inflammatory response occurred, and were proposed as main immune protection

mechanisms in veliger larvae (Dyrynda et al., 1995; Tirapé et al., 2007; Genard et al.,

2012; Yue et al., 2013a). At the early stages of development, the immune cells play a

double role as digestive system cells and immune cells (Dyachuk, 2016). He

hypothesizes that the development of the immune system is inextricably linked with the

formation of the digestive system in bivalves. Hence, Dyachuk proposed that bivalve

larval hemocytes at trochophore and veliger stages are localized to sites where the

digestive system will eventually develop.

The immune system develops further along with the developmental progress of bivalve

larvae (Song et al., 2016). Expression of the genes, related to phagocytosis, immune

recognition, signal transduction, immune effectors, antioxidant enzymes and acute

phase proteins, exhibited a steadily increasing trend from the early umbo stage of C.

gigas (Song et al., 2016). Metamorphosis was identified as a crucial stage when larvae

increase the expression of immune-related genes and respond to environmental signals

(Balseiro et al., 2013). The antimicrobial peptides mytilin and defensin have been found
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during and after larval metamorphosis in the blue mussel M. galloprovincialis (Mitta et al.,

2000). From spat to adults, the expression of immune-related genes gradually reaches

the maximum and gives the strongest protection against pathogens and environmental

changes (Balseiro et al., 2013). More specific information about the immune system

development during ontogenesis is given in section 1.5.

1.3 Diseases in marine bivalves

1.3.1 Infectious diseases in marine bivalves

A variety of pathogens can cause disease in bivalves, including bacteria, viruses,

parasites (i.e. protozoans, trematodes), and fungi (Paillard et al., 2004b; Travers et al.,

2015; Zannella et al., 2017).

Due to their filter-feeding habit, marine bivalves concentrate a variety of bacterial

commensal microbiota, consisting of diverse species belonging to different genera, like

Vibrio, Aeromonas, Pseudomonas, Acinetobacter, Photobacterium, Moraxella,

Micrococcus and Bacillus (Zannella et al., 2017). Among them, many bacteria are

opportunistic pathogens. In fact, virulence depends on the host species, host’s life stage,

dose of infection, duration of infection, and environmental conditions (Travers et al.,

2009; Alfaro et al., 2019). For example, larval mortality rate can reach 100%, especially

in static systems with high loads of organic matter at high temperature (Zannella et al.,

2017). More details will be discussed in section 1.3.2.

Also viruses can be bio-accumulated in the tissues of bivalves after filter-feeding, some

of which can cause mortalities (Renault and Novoa, 2004; Arzul et al., 2017). The most

important viruses currently associated with disease outbreaks and the major causes of

mortality in bivalves are members of the families Herpesviridae and Iridoviridae. The

mortality outbreaks recorded in France starting in April-May 2008 affected 40-100% of

spat and juveniles, with two main genotypes of Ostreid herpesvirus 1 (OsHV-1) and the

variant OsHV-1 μVar, detected in 75% of the sampled batches, and Vibrio species such
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as Vibrio splendidus, Vibrio aestuarianus, Vibrio harveyi present in the dying oysters

(Segarra et al., 2010; Renault et al., 2012; Burioli et al., 2017). In Italy, there was no

evidence of OsHV-1 until April 2010 when OsHV-1 (reference type and μVar) was

detected in asymptomatic oysters of French origin (Dundon et al., 2011). A variant

closely related to the variant μVar was found in high amounts during the mass mortalities

selectively occurring in triploid and diploid C. gigas in Australia during 2010–2011 and in

2010 in C. gigas samples from New Zealand (Renault et al., 2012; Jenkins et al., 2013).

Nevertheless there are also other viruses that can infect bivalves, belonging to the

families Picornaviridae, Papovaviridae, Birnaviridae, Retroviridae and Reoviridae

(Suffredini et al., 2014). Viral pathogens are often highly infectious and easily

transmissible. In aquaculture, high-density production systems and temperature changes

might contribute to increased spreading of viral diseases (Guo and Ford, 2016).

The most important protozoan pathogens belong to the genera Bonamia, Perkinsus,

Marteilia and Haplosporidium (Zannella et al., 2017). In particular, Perkinsus marinus,

Perkinsus olseni, Marteilia refringens, Bonamia ostreae, and Bonamia exitiosa can infect

clams, mussels, oysters, and scallops, causing enormous damage to commercial

productions (Fernández Robledo et al., 2014). For example, Eastern oysters (C. virginica)

often undergo epizootics of MSX (Multinucleated Spore Unknown) disease, which is

caused by the protozoan pathogen Haplosporidium nelsoni. The disease has been

present in oyster populations in the mid-Atlantic United States since the 1950s (Jenkins

et al., 2013). An estimated 90–95% of affected oysters died within 2 years (Andrews and

Wood, 1967). Prevalence and intensity of infections tend to increase in a warmer season

and in higher salinity environments (Queiroga et al., 2016).

A compilation of literature data, with details of host species, pathology, and geographical

distribution of marine bivalve diseases, is shown in Table 1–1.
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Table 1-1. Main infectious diseases of marine bivalve mollusks. (Adapted from Zannella et al., 2017)

Disease (pathogenic agent) Host species Effects on host Geographical distribution References

BACTERIA

Larval and juvenile vibriosis
(Vibrio anguillarum, Vibrio
tubiashi, Vibrio alginolyticus,
Vibrio splendidus, Vibrio

aestuarianus, Vibrio neptunius)

Wide range of
hatchery-reared

species

Tissue necrosis (due to production
of exotoxin by the bacteria), up to

100% larval mortality

In all marine waters where bivalve
hatchery culture is practiced

Dubert et al. (2017a);
Travers et al. (2015)

Brown ring disease (Vibrio tapetis)
Clam

Ruditapes
philippinarum

Brown deposit on shell;
degeneration of digestive gland

followed by metabolic disorder and
death

Entire European Atlantic coast to North
Africa, including coasts of France,

Portugal, Spain, Italy, U.K., Ireland and
Norway, west coast of Korea

Paillard et al. (2008);
Park et al. (2010)

Roseovarius oyster disease
(Roseovarius crassostreae)

Oyster Crassostrea
virginica juveniles
< 25 mm shell

length

Reduced growth rates, fragile shell
development, cupping on the left
valve, mantle lesions, up to 90%

mortalities

USA Ford and Borrero
(2001)

Pacific oyster nocardiosis
(Nocardia crassostreae)

Oyster
Crassostrea gigas,

Ostrea edulis
cultivated near
infected C. gigas

Yellow-green pustules in the mantle,
gills, adductor and cardiac muscle,

up to 35% mortalities

West coast of North America from the
Strait of Georgia, British Columbia to
California, and Japan (Matsushima

Bay), Mediterranean Sea

Carella et al. (2013);
Friedman et al.

(1991)

VIRUSES

Herpes virus infection
(oyster herpes virus)

Oyster C. gigas and
Ostrea spp.

Velar and mantle lesions;
deterioration; swim in circles

Europe (France, Ireland, Italy, The
Netherlands, Spain, UK), Australia, New
Zealand, Mexico, USA, Japan, South

Korea, China

Bai et al. (2015,
2016); (Segarra et

al., 2010)
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Table 1-1. Continued.

Gill necrosis virus (GNV)
Hemocyte infection virus (HIV)

Oyster velar virus disease (OVVD)

Oyster
Crassostrea

angulata and C.
gigas larvae

Destruction of gill filaments
Virus infected hemocytes

Larval movement affected through
loss of infected epithelial cells from

velum

France, Portugal, Spain, U.K., France
Washington State, USA Arzul et al. (2017)

PROTOZOA

Bonamiasis
(Bonamia ostreae,
Bonamia exitiosa,
Bonamia perspora,
Bonamia roughleyi)

Wide range of
oyster species

Yellow discoloration of tissue,
extensive lesions on gill and mantle,
breakdown of connective tissue,
significant mortality (up to 90%)

Europe, west coast of Canada, east and
west coasts of USA, New Zealand and

SE Australia

Corbeil et al. (2006);
Narcisi et al. (2010);

Carrasco et al.
(2012);

Carnegie et al.
(2014);

Hill et al. (2014);
Lane et al. (2016)

Digestive gland (or Aber) disease
(Marteilia refringens)

Oyster O. edulis and
Mussel Mytilus
galloprovincialis

Pale digestive gland, severe
emaciation, tissue necrosis,

cessation of growth, mortalities up
to 90% in summer

In O. edulis: Europe (France, Greece,
Italy, Portugal, Spain, Sweden), Tunisia
in M. galloprovincialis: Greece, Italy

Carella et al. (2010);
Gombač et al. (2014)

QX disease
(Marteilia sydneyi)

Oyster
Saccostrea

glomerata and
Saccostrea spp.

Necrosis of digestive gland, loss of
condition, gonad absorption,

mortalities up to 90% in summer

New South Wales, Queensland and
Western Australia

Roubal et al. (1989);
Rubio et al. (2013)

Dermo disease
(Perkinsus marinus) Oyster C. virginica Severe emaciation, loss of condition Gulf of Mexico, Pacific coast of Mexico,

Gulf of California, Brazil

Remacha-Triviño et
al. (2008); Enríquez-

Espinoza et al.
(2010); Ford (2011);
Queiroga et al.
(2015); Cáceres-

Martínez et al. (2016)

MSX disease
(Haplosporidium nelsoni)

Oyster C. virginica high mortality rate depending on
temperature and salinity southeast coast of USA Hofmann et al. (2001)
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1.3.2 Bacterial diseases in marine bivalve larvae

Due to the underdeveloped immune system during the early development stages,

bivalve larvae are generally more sensitive than their adult counterparts to environmental

and pathogen threats. Among the pathogenic bacteria, Vibrio spp. are largely

responsible for bivalve larval diseases (Paillard et al., 2004b). A summary of the most

recent studies on bivalve larvae pathogenic Vibrio species is shown in Table 1-2. These

pathogenic Vibrio species belong to six clades: Harveyi, Orientalis, Pectenicida,

Splendidus, Anguillarum, Coralliilyticus. The most common species are Vibrio

alginolyticus, V. splendidus, Vibrio tubiashii, Vibrio anguillarum, and Vibrio pectenicida,

which are associated with bacillary necrosis disease. Typical symptoms are reduced

motility and quiescent lying with either an extended velum or a rudimentary foot.

Swarming of bacteria around the larvae, originating from the discrete foci on the margins

of the larvae, is the most common pathognomonic sign of bacillary necrosis (Tubiash et

al., 1965; Prado et al., 2005; Beaz-Hidalgo et al., 2010; Rojas et al., 2015).
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Table 1- 2. Vibrio species pathogenic to marine bivalve larvae. (Modified and expanded from Paillard et al., 2004b)

Pathogenic Vibrio
species Host species Effects on host References

Harveyi clade

Vibrio alginolyticus

Mytilus galloprovincialis Sublethal, velum reduction Anguiano-Beltrán et al. (2004)

Ruditapes decussatus Velum and necrosis of tissues in larvae Gómez-León et al. (2005)

Ostrea edulis Larval motility affected and increase in soft-tissue necrosis Tubiash et al. (1965);
Lodeiros et al. (1987)

Mercenaria mercenaria
Crassostrea virginica Larval motility affected and increase in soft-tissue necrosis Tubiash et al. (1965)

Argopecten ventricosus
Nodipecten subnodosus
Atrina maura
Crassostrea gigas

Bacillary necrosis Sainz and Ascencio (1998);
Luna-González et al. (2002)

Orientalis clade

Vibrio bivalvicida Ruditapes philippinarum High mortality rates (>96%) in 72 h Dubert et al. (2016c)

Vibrio europaeus R. decussatus Mortality Dubert et al. (2017a)

Vibrio tubiashii

C. gigas; O. edulis;
Argopecten irradians Larval motility affected and increase in soft-tissue necrosis Tubiash et al. (1965)

O. edulis Bacillary necrosis Lodeiros et al. (1987)

C. gigas Anomalous swimming and detachment of cilia and/or vela Takahashi et al. (2000)

C. virginica; C. gigas Mortality Richards et al. (2015)

Pectenicida clade

Vibrio pectenicida Pecten maximus 100% mortality after four days
High mortality

Nicolas et al. (1996)
Lambert et al. (1998)
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Table 1-2. Continued.

Splendidus clade

Vibrio crassostreae Mytilus edulis High mortality Islam (2016)

Vibrio splendidus

C. gigas Toxicity due to an extracellular metalloprotease Hasegawa et al. (2009)

Argopecten purpuratus High density of Vibrio strain in digestive gland and margin
of shell in 1 h Rojas et al. (2015)

Perna canaliculus High mortality
Velum and necrosis of tissues in larvae Kesarcodi-Watson et al. (2009 ab)

P. maximus 100% Mortality at levels of 105 CFU mL-1 in 24 h Sandlund et al. (2007)

V. splendidus biovar II
R. decussatus Velar damage with necrosis and detachment of velar cells Gómez-León et al. (2005)

C. gigas Mortality Sugumar et al. (1998)

V. splendidus-related P. maximus Mortality Nicolas et al. (1996)

Anguillarum clade

Vibrio anguillarum

C. gigas
M. mercenaria Mortality Tubiash (1975)

O. edulis Slow larval swimming and larval mortality DiSalvo et al. (1978);
Lodeiros et al. (1987)

C. virginica Larval motility affected and increase in soft-tissue necrosis Tubiash et al. (1965)

Coralliilyticus clade

Vibrio coralliilyticus

C. gigas Mortality Genard et al. (2013);
Mersni-Achour et al. (2015)

C. virginica; C. gigas Mortality Richards et al. (2015)

M. edulis Mortality Hung, et al. (2019b)

Vibrio neptunius

O. edulis 98.5-100% Mortality in 3-4 days Prado et al. (2005)

R. philippinarum Mortality Dubert et al. (2016b)

P. canaliculus Aggregation of bacteria around the velum, and
deterioration of soft tissue Kesarcodi-Watson et al. (2009 ab)

Vibrio pectenicida P. maximus High mortality Sandlund et al. (2007)
Lambert et al. (1998)
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1.4 Pathogenesis of vibriosis in bivalve larvae

1.4.1 Adherence and colonization

Bacterial adhesion to host surfaces has been described as the initial event in

microbial pathogenesis (Beachey, 1981). Only after successful adherence,

colonization and establishment of infection can follow. Actually, the battle between

host and pathogens decides if infection will take place. Pathogens, as the invaders,

have their own strategies, generally known as virulence factors, which facilitate the

attachment and colonization. Bivalve hosts, on the other hand, try to prevent the

infection with their innate immune defense mechanisms.

Cell surface hydrophobicity, surface-associated polysaccharides or proteins,

presence of fimbriae and flagella, and production of biofilm all influence the rate and

extent of attachment of microbial cells. The bacterial flagellum has been shown to be

involved in bacterial adhesion and invasion of host cells, as it is used in motility,

chemotaxis and as an adhesin (Haiko and Westerlund-Wikström, 2013). Some Vibrio

spp. have polar flagella for swimming in liquid, which facilitates the initial movement

towards the host (Montánchez and Kaberdin, 2020), such as in Vibrio anguillarum

(Larsen and Boesen, 2001), V. harveyi (Montánchez and Kaberdin, 2020), and Vibrio

alginolyticus (Wang et al., 2016), while Vibrio mimicus (Tercero-Alburo et al., 2014)

and Vibrio parahaemolyticus (Kirov, 2003) have additional lateral flagella for

swarming over the outer surface of host cells (Kirov, 2003). The cell-surface

hydrophobicity of bacteria is conducive to adhesion and to penetration of host tissues

(Goulter et al., 2009; Rodrigues and Elimelech, 2009; Heilmann, 2011).

Lipopolysaccharides (LPS) are involved in attachment to host cells at the initiation of

infection and provide protection from complement-mediated killing (Mccallum et al.,

1989; Arredondo et al., 1994). V. anguillarum utilizes O-antigen polysaccharides, one

functional domain of LPS, to evade phagocytosis by the trout epithelial cells allowing

it to colonize rapidly host skin tissues (Lindell et al., 2012). Fimbriae play a role in cell
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surface hydrophobicity and attachment, probably by overcoming the initial

electrostatic repulsion barrier that exists between the cell and substratum (Corpe,

1980; Rosenberg et al., 1982; Bullitt and Makowski, 1995).

Once bacteria reach and successfully attach to host surfaces, biofilm formation

begins. A biofilm is an assemblage of surface-associated microbial cells that is

enclosed in an extracellular polymeric substance (EPS) matrix (Donlan, 2002). V.

alginolyticus, V. parahaemolyticus, V. harveyi (ArunKumar et al., 2019), V.

anguillarum (Grześkowiak et al., 2012) and V. mimicus (Tercero-Alburo et al., 2014)

have been demonstrated with the ability of biofilm formation. Biofilm formation

represents a protected mode of growth that not only allows cells to survive in hostile

environments, but also to colonize new niches by dispersal of microorganisms from

the microbial clusters (Hall-Stoodley et al., 2004). As the biofilm is the key factor for

environmental survival and transmission of many bacteria, biofilm formation is also

important in the colonization of the host for pathogenic Vibrio spp. (Donlan, 2002).

Whereas the above factors thus all play a role in the attachment process, the

infectious process aborts on the other hand if a pathogen is successfully neutralized

by the host at a portal of entry (Jones et al., 1995; Casadevall and Pirofski, 2001;

Servin, 2006). Most fatal infections affecting bivalves are initiated in organs exposed

to the external environment, such as pallial organs (Allam et al., 2013). This

highlights the need for an efficient defense system associated with the pallial mucosa.

In bivalve mollusks, mucus is produced from virtually all epithelia (Figure 1-8)

(Simkiss and Wilbur, 1977; Allam and Espinosa, 2015a). Mucus itself is an excellent

physical barrier to bacteria because it contains a wide array of immune effectors. The

cross-linked glycoproteins in mucus are able to create a net that can trap

microorganisms before they reach the soft tissues (Allam and Espinosa, 2016).

Bivalve pallial mucus contains agglutinins that interact with various bacterial species

(Fisher, 1992). Some of these agglutinins are lectins that bind microbes through

protein-carbohydrate interactions (Espinosa et al., 2009; Espinosa et al., 2010b; Jing
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et al., 2011). Previous studies also reported the presence in pallial mucus of

hydrolytic enzymes that likely contribute to host protection, such as lysozymes

(McDade and Tripp, 1967) and proteases (Brun et al., 2000). The immune effectors

present in bivalve mucus play a vital role in immune response against bacterial

attachment and colonization.

Figure 1-8. Schematic representation of the three main types of epithelial cells in mollusks.

Not to scale. (From Allam and Espinosa, 2015a)

1.4.2 Routes of entry

Differences in species and age of bivalve larvae and different pathogens acting in the

infection may lead to different patterns of lesions. With different ages of bivalve hosts

and different Vibrio species, Elston and Leibovitz (1980) described three types of

pathogenesis of experimental vibriosis in C. virginica larvae with histological,

immunofluorescent, and ultrastructural observations of the disease. In type Ⅰ

pathogenesis, bacteria attached to the larval shell (in all stages) and grew along the
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mantle preferentially with progressive disruption of mantle tissue from the periphery

inward. They subsequently infected the visceral cavity and eventually induced larval

death. In type Ⅱ pathogenesis, described for early veliger stages, the disease was

characterized first by velar deformation without bacteria invasion of tissues, and

subsequently by complete necrosis of digestive organs and bacterial colonization

within the whole visceral cavity as the disease progressed. In pathogenesis type Ⅲ,

described for late veliger larvae, progressive and extensive visceral atrophy was first

noted with the shrunken visceral mass occupying only the dorsal region, followed by

the invasion of bacteria characterized by focal lesions in organs of the digestive tract.

1.4.3 Lesion development

During the infection process, pathogenic Vibrio species produce lytic enzymes

(Finlay and Falkow, 1997). These enzymes cause damage to host tissues, thereby

allowing the pathogen to obtain nutrients and to spread through tissues. The most

well-known lytic enzymes produced by aquaculture Vibrio pathogens include

hemolysin and proteases (Darshanee Ruwandeepika et al., 2012; Defoirdt, 2014).

Hemolysin, an exotoxin, is the major widely distributed toxin among pathogenic Vibrio

species and exerts various roles in the infection process (Zhang and Austin, 2005).

Hemolysin can create pores in blood cells causing a massive ionic influx resulting in

cell death due to the osmotic imbalance (Raimondi et al., 2000), or break down the

cell membranes (phospholipase activity) (Sun et al., 2007). Besides hemolytic activity,

hemolysin can have cytotoxic, cardiotoxic as well as enterotoxic activities (Hiyoshi et

al., 2010). Among the known causative agents of larval vibriosis in bivalves, V.

tubiashii (Kothary et al., 2001), Vibrio coralliilyticus (Spinard et al., 2015; Hung et al.,

2019b), Vibrio bivalvicida (Dubert et al., 2016c), Vibrio europaeus (Spinard et al.,

2016), and V. splendidus (Roux et al., 2009) all have been shown to possess

hemolysin.
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Various extracellular proteases that play an important role in the pathogenesis of

bacterial infections have been described in Vibrio isolated from seawater, fish and

shellfish (Mersni-Achour et al., 2015; Huang et al., 2018). Proteases may be involved

in tissue invasion and destruction, host defense evasion and modulation (Travis et al.,

1995). Proteases include metalloproteases (i.e. proteases that need a metal ion to

function), serine proteases (i.e. proteases in which serine serves as the nucleophilic

amino acid at the active site), cysteine proteases (i.e. proteases with a nucleophilic

cysteine thiol in the active site), collagenases (i.e. proteases that are able to degrade

collagen), caseinases (degrading casein) and gelatinases (degrading gelatin)

(Defoirdt, 2014). The extracellular metalloproteases are critical virulence factors

of Vibrio pathogens to bivalve larvae (Hasegawa et al., 2008, 2009; Mersni-Achour et

al., 2015). They cause morphological changes and immunosuppression in oyster

hemocytes (Labreuche et al., 2006a, 2010) and also influence apoptosis (Lee et al.,

2014), increase vascular permeability (Park et al., 2014), in addition to disintegrating

host tissues by destroying e.g. collagen and elastin (Teo et al., 2003).

1.5 The anti-infection mechanisms of bivalves

1.5.1 Innate defense

Marine bivalves are dependent on a non-specific defense mechanism known as the

innate immune system. The innate immune system is a primitive mechanism that

triggers intracellular molecular signaling cascades; these are found in all living

multicellular organisms and are conserved across plants, invertebrates and

vertebrates (Danilova, 2006). The innate immune system promotes widespread

protection against pathogenic organisms (e.g. bacteria, viruses, protozoa,

endoparasites, mycoplasma) and environmental stressors (e.g. high temperatures,

air exposure, extreme salinity conditions, mechanical stress). Protective mechanisms

in marine bivalves are based on an immediate cellular and humoral response of short
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duration. The hemocytes and the dissolved humoral components of the plasma work

together to neutralize or eliminate antigens (Schmitt et al., 2012).

1.5.2 Immune recognition

Immune recognition is the first step of the immune response, allowing the

discrimination of self-/not self-substances. Antigens are recognized using pattern

recognition receptors (PRRs), which play a crucial role in the proper function of the

innate immune system. These receptors can be either soluble, intercellular or

expressed on the cell surface (Kawai and Akira, 2010). PRRs selectively recognize a

large family of conserved foreign molecules called pathogen-associated molecular

patterns (PAMPs); examples include lipopolysaccharides (LPSs), peptidoglycans

(PGNs), lipoproteins, lipoteichoic acids, unmethylated bacterial DNA, viral dsRNA,

zymosans and bacterial heat shock proteins (HSPs) (Costa et al., 2009; Green and

Montagnani, 2013). Several groups of distinct PRRs have been identified in bivalves

at all bivalve stages (Song et al., 2010), and the most studied include lectins,

peptidoglycan recognition proteins (PGRPs), gram-negative binding proteins (GNBP)

and toll-like receptors (TLRs). Other groups of PRRs have been found only in bivalve

adults; these include thioester-containing proteins (TEPs), scavenger receptors

(SRs), rig-like receptors (RLRs) and NOD-like receptors (NLRs) (Prado-Álvarez et al.,

2009; Song et al., 2010; Philipp et al., 2012), but no expression profile is available for

these receptors at larval stages.

Among these PRRs, lectins, carbohydrate-binding proteins, are thought to play a

crucial role in the innate immune system through specific binding to polysaccharide-

coated pathogenic bacteria. Several lectins have been identified in bivalves and they

most frequently belong to the C-type lectin and S-type lectin families, two of the

major animal lectin groups with conserved folds (Yamaura et al., 2008). C-type

lectins bind carbohydrates in a calcium-dependent manner, while S-type lectins bind

specifically to β-galactoside sugars. The majority of characterized bivalve C-type
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lectins are from oysters (Minamikawa et al., 2004; Yamaura et al., 2008), clams

(Kang et al., 2006; Young et al., 2006; Gourdine and Smith-Ravin, 2007; Takahashi et

al., 2008) and scallops (Wang et al., 2007; Zheng et al., 2008; Zhang et al., 2009).

These C-type lectins have been found to be involved in various innate immune

responses, including agglutinating bacteria, inhibiting bacterial growth, and clearing

away invaders by specific binding to carbohydrate-coated pathogenic microbes

(Gourdine et al., 2008).

1.5.3 Immune signaling pathways

Upon the successful recognition of foreign compounds, signaling cascades trigger

the initiation of cellular defense while promoting gene transcription of inducible

immune-related proteins and hemocyte recruitment. Several signalization

constituents, including TLRs, nuclear factor кB (NF-кB) pathways, immune deficiency

(IMD) pathway, and mitogen-activated protein kinase (MAPK), have been monitored

for their central function in the innate immune system of bivalves. These highly

conserved systems have evolved to protect the cell from infection. We will briefly

describe the main bivalve defense pathways.

Toll-signaling pathway

Toll-like receptors are among the most successful PRRs of the immune response in

metazoans (Fitzgerald and Kagan, 2020). TLRs take their name from the

Droshophila receptor Toll, originally identified as essential in the embryo

morphogenesis, but later recognized to mediate the immune response to the fungus

Aspergillus fumigatus (Lemaitre et al., 1996). Since then, several TLRs sharing a

similar domain organization have been detected and extensively studied both in

vertebrates and in invertebrates. Usually, they share an evolutionarily conserved

intracellular Toll-interleukin-1-receptor (TIR) domain, a transmembrane region and a

variable extracellular region consisting of leucine-rich repeats (LRRs) with interesting

binding properties (Gerdol et al., 2018). TLRs are capable of binding a very broad
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range of PAMPs, including LPS, components of the bacterial cell wall, flagellin,

single- and double-stranded RNA, thus potentially acting as sensors of bacteria, fungi

and viruses (Gerdol et al., 2018). The activation of TLRs induces an instant

coordination of downstream-signaling pathways, including NF-кB, MAPK and pre-

apoptotic processes. The most familiar components that are activated in the TLR

pathway of bivalves are myeloid differentiation primary response protein 88 (MyD88),

tumor necrosis factor receptor-associated factors (TRAFs), IL-1 receptor-associated

kinase (IRAK) and adapter-like protein (MAL, also known as TIRAP) (Toubiana et al.,

2014; Ertl et al., 2016; Ren et al., 2016; Xin et al., 2016; Gerdol et al., 2017; Xu et al.,

2020). Concerning time-series monitoring of gene behavior during ontogenesis, only

MyD88 and TRAF3 were detected in embryo to juvenile C. gigas (Tirapé et al., 2007)

and after bacterial infection in oyster larvae (Genard et al., 2013; Modak and Gomez-

Chiarri, 2020).

NF-кB pathway

Over the past decade, the NF-кB signal transduction pathway appeared to play a

central role in the innate immune defense system of bivalves. NF-кB-polymerizing

enzymes are involved in multiple aspects of cell differentiation and immunity, which

requires the co-regulation of numerous inflammatory genes during development,

maintenance and defense (Montagnani et al., 2004; Qiu et al., 2009; Vallabhapurapu

and Karin, 2009). NF-кB dimers are usually sequestered in the cytoplasm by a кB

inhibitory protein (IкB) that forms an NF-кB/IкB heterodimer. After activation of the

TLR pathway, cascade reactions induce the phosphorylation of IкB for ubiquitination,

which leads to its degradation. The active NF-кB is then extricated and translocated

to the nucleus (Zhou et al., 2013), where it binds to its DNA response element and

then initiates the recruitment of general transcription factors and the basal

transcription machinery (Ghosh et al., 2012). In bivalves, components of the NF-кB

pathway were described in C. gigas (Montagnani et al., 2004; Chen et al., 2018; Yu

et al., 2018), M. edulis (Philipp et al., 2012), Ruditapes philippinarum (Moreira et al.,
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2012a), Chlamys farreri (Huang et al., 2021), Tegillarca granosa (Du et al., 2020) and

C. virginica (Zhang et al., 2013). The relative transcripts could be detected

throughout the early stages of development (Tirapé et al., 2007; Genard et al., 2013;

Song et al., 2016; Rojas et al., 2021), suggesting that this pathway is necessary

during development. NF-кB may also function as an inhibitor of serine proteases and

metalloproteinases, two key factors in pathogen onset (Johnson, 2013). In veliger

larvae, the expresstion of NF-кB increased progressivelya synergistic regulation of

metalloproteinase (TIMP) and was detected just 48 h after bacterial challenge

(Genard et al., 2013). Taken together, these data illustrate how complex the hidden

NF-кB pathways are within maintenance and defense processes, especially those

occurring in early development.

Immune deficiency pathway

The IMD pathway is triggered by an interaction between the transmembrane receptor

PGRP (peptidoglycan recognition protein)-LC and the peptidoglycan of Gram-

negative bacteria, followed by an interaction with dFADD (Fas-associated death

domain-containing protein), which then binds to the apical caspase Dredd

(Drosophila caspase-8 orthologue Death-related ced-3/Nedd2-like protein). Dredd

maintains an association with the NF-κB ortholog Relish which is phosphorylated by

the IKK signaling complex. After Relish is cleaved, its RHD domain is translocated to

the nucleus while its inhibitory domains remain stable in the cytoplasm (Lemaitre and

Hoffmann, 2007). In mollusks, a pathway similar to the Drosophila IMD pathway has

also been reported in shrimp Litopenaeus vannamei and Fenneropenaeus chinensis

(Wang et al., 2009; Lan et al., 2013). The existence of an IMD or IMD-like pathway

had not yet been reported in bivalves until Li et al. (2015) suggested the possible

involvement of the IMD pathway against the Gram-negative bacterial infection in the

Yesso scallop (Patinopecten yessoensis). In 2020, through transcriptome sequencing,

Peng et al. (2020) verified IMD signalling pathway exists in oyster Crassostrea

hongkongensis.
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Mitogen-activated protein kinase pathways

Mitogen-activated protein kinase signaling cascades are key players in a variety of

processes including cell proliferation, growth, differentiation, cell death, innate

immunity and development. Thus, the cascades large range of actions has a great

influence on diverse and complex biological and pathological conditions. These

MAPK enzymes function by influencing cell cycle progression. Sequences denoting

MAPK proteins have been identified in different mussel and oyster species (Gerdol

and Venier, 2015; Wang et al., 2018; Modak and Gomez-Chiarri, 2020). In M.

galloprovincialis, they can be triggered in response to inflammatory cytokines or

during defense (Betti et al., 2006; Ciacci et al., 2010), which is pivotal for stress-

signaling transduction (Yao and Somero, 2012) and cell cycle arrest (Yao and

Somero, 2013). During early developmental stages, MAPK-related transcripts have

been successfully identified in 12-day-old C. gigas larvae in response to bacteria

(Genard et al., 2013), in metamorphic Crassostrea angulata larvae (Yang et al.,

2012), in 1-year-old spat in response to a herpes virus (Jouaux et al., 2013), in C.

farreri from D-shaped stage to juvenile stage (Liu et al., 2021), and in pearl oyster

Pinctada fucata martensii between early trochophore stage and trochophore stage

(Zheng et al., 2019). Collectively, these studies demonstrate that this stress-signaling

pathway is operational during early ontogenesis.

1.5.4 The complement system

Complement activation triggers, through a proteolytic cascade, the opsonization of

invading microbes, their lysis by the action of the membrane attack complex (MAC),

and the recruitment of phagocytic cells for their final elimination. In vertebrates, the

different routes that can lead to complement activation involve either the binding of

C1q to antigen-complexed M or G immunoglobulins (the classical pathway), the

recognition of microbe-associated molecular patterns (MAMPs) by mannan-binding

lectins (MBLs) and ficolins (the lectin pathway), or the direct recognition of MAMPs
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by C3b following spontaneous C3 hydrolysis (the alternative pathway) (Gerdol and

Venier, 2015). The presence and conservation of a complement system in bivalves

was suggested by previous work (Gourdine and Smith-Ravin, 2007; Philipp et al.,

2012; Gerdol et al, 2018). Additional work on immune-related genes during

ontogenesis revealed antigen recognition components of the complement pathway to

be triggered as early as the trochophore stage in M. galloprovincialis (Balseiro et al.,

2013). The overview of the complement system in bivalves and comparison with

vertebrates was shown in Figure 1-9.

Figure 1-9. Overview of the complement system in bivalves and comparison with

vertebrates. The vertebrate molecular players are shown in black and the bivalve

homologous components are indicated in red, whenever needed. Components that are

absent in bivalves (namely, the membrane attack complex and antigen-complexed

immunoglobulins) are struck through. (From Gerdol et al., 2018)
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1.5.5 Immune effectors

An efficient immune response leads to the production of inflammatory effectors that

neutralize and eliminate threats. The innate immune system in bivalves comprises

both cellular and humoral components. The cellular response is based on the activity

of the hemocytes, while humoral response is carried out by humoral immune factors

produced by hemocytes that are present in the hemolymph. The following section is

an overview of the existing accomplishments in the fields of antimicrobial peptides,

lysozymes, cytokines and acute phase processes that depend on perforins, immune-

cell activation and antioxidant enzymes.

1.5.5.1Cellular immune effectors

Hemocytes and phagocytosis

Bivalve hemocytes facilitate an integrated host response against pathogens through

phagocytosis and cytotoxic reactions, which include hydrolytic enzymes, the

coordinated release of different enzymes (e.g. lectins, AMPs, perforins) and free-

radical production. Mobilized hemocytes permit the final destruction of foreign

organisms (Song et al., 2010; Destoumieux-Garzón et al., 2020). Elston and

Leibovitz (1980) observed immunocells containing bacterial remnants in the visceral

cavity of C. virginica veliger larvae, while Tirapé et al. (2007) suggested that

hemocytes could be present early during the gastrula/trochophore stages. High-

throughput transcriptome sequencing further enabled the identification of hemocyte-

specific genes, then traced their expression back to the cleavage and blastula stages;

it has been suggested that hemocytes may be the least differentiated cells in

fertilized oyster eggs (Zhang et al., 2012).

Oxidative burst and cytoprotection

Upon recognition of foreign threats, the innate immune defense in bivalves is

triggered and a respiratory burst is usually registered afterwards (Labreuche et al.,
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2006a; Lambert et al., 2007; Romero et al., 2020). Reactive oxygen species (ROS)

or intermediates (ROIs) are locally produced in the phagolysosome to degrade

phagocytized substances or as NO released into the extracellular matrix by

hemocytes. Nonetheless, aside from the degradation of phagocytized material, ROS

may induce dangerous intra-cellular damage to autologous lipids, proteins and DNA.

Hence, before attaining critical levels, the oxidative burst needs to be reduced by

means of various antioxidants, including catalases (CAT), superoxide dismutases

(SOD), glutathione peroxidases (GPX), glutathione-S-transferases (GST), and

peroxiredoxins (PRDX). The gene behaviour of SODs, CATs, GPX, or PRDX has

been registered during early ontogeny in C. gigas (Genard et al., 2013; Tirapé et al.,

2007), C. virginica (Genard et al., 2012) and C. farreri (Yue et al., 2013a). Apart from

antioxidant defenses, bivalves activate various cytoprotective proteins to avoid cell

degradation or to repair damaged molecules, among which are HSPs (stress-

response chaperones) that bind to damaged or misfolded proteins, either promoting

their repair or elimination (Daugaard et al., 2007). Up-regulation of HSPs has been

observed after Vibrio infection in adult scallop Argopecten irradians (Gao et al., 2008),

adult scallop Chlamys nobilis (Cheng et al., 2019), adult oyster C. gigas (Fleury et al.,

2009; De Lorgeril et al., 2011) and in oyster C. virginica and C. gigas larvae (Genard

et al., 2012, 2013), which implied that HSPs are successfully activated during early

development of the bivalve’s defense system.

1.5.5.2Humoral immune effectors

Antimicrobial peptides

Antimicrobial peptides (AMPs) are among the most active effectors of innate

immunity. They display a variety of action mechanisms, including microbe

annihilation through membrane disruption or altering metabolic processes related to

cell wall synthesis (Song et al., 2010). Several AMPs have been found in bivalves,

including defensins, mytilins, myticins and mytimycins, mytimacin, big defensin,
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mytichitin-CBD, myticusin-1 and myticusin-beta (Espinosa et al., 2010a; Zhao et al.,

2010; Gerdol et al., 2012; Tanguy et al., 2013; Burioli et al., 2017; Liu et al., 2019; Oh

et al., 2020; Rojas et al., 2021). Developmental immunity remains little explored,

although both mytilin and defensin have been identified in pre-metamorphic larvae of

Pacific oyster, and blue mussels (Tirapé et al., 2007; Balseiro et al., 2013; Genard et

al., 2013; Hung et al., 2019b).

Lysozymes and proteases

It has been widely accepted that lysozymes are crucial polymerizing enzymes in

innate immunity. Lysozyme-like and hydrolytic enzyme activities were previously

reported in C. gigas larvae and juveniles (Luna-González et al., 2004), while

expression patterns of lysozyme-related genes were observed in the clam Meretrix

meretrix (Yue et al., 2013c), the scallop C. farreri (Yue et al., 2013a), and the mussel

Mytilus edulis larvae (Hung et al., 2019b) during larval development. Alongside

lysozymes, host defense mechanisms also depend on the synthesis of several

lysosomal proteases for pathogen inactivation and cell lysis, which include

cathepsins. These serine proteases are triggered in oyster larvae and adult clams

after bacterial infection (Genard et al., 2012) and in M. meretrix when larvae acquire

feeding traits (Wang et al., 2008; Huan et al., 2012b).

Cytokines

Cytokines are signalization molecules that are known mediators and regulators of

immune defense and other cellular processes (e.g. neurogenesis and apoptosis)

(Hughes et al., 1992). A wide array of defense mechanisms modulated by a cytokine-

triggered network was found in different bivalves, such as M. edulis (Philipp et al.,

2012), C. gigas (Renault et al., 2011), R. philippinarum (Moreira et al., 2012b),

Crassostrea madrasensis (Chakraborty et al., 2020) and C. ariakensis (Xu et al.,

2012). Tumor necrosis factors (TNFs) refer to a group of cytokines synthesized by

bivalve hemocytes in response to pathogenic microorganisms (Zheng et al., 2020),
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notably in the presence of LPS from gram-negative bacteria (Moreira et al., 2012a;

Xu et al., 2012). The complete functional behavior of cytokine-related genes at larval

stages has not yet been thoroughly described.

Perforins and membrane attack proteins

Specific molecules known as the membrane attack complex and perforin (MACP)

family members are responsible for the formation of holes in the membranes of

pathogen cells (Baran et al., 2009). The cytotoxic activity of perforin is crucial for

eliminating infected self-cells. LPS-binding/bactericidal-permeability increasing

(LBP/BPI) proteins are membrane-attacking proteins that permit the opsonization of a

small number of gram-negative bacteria through the increase in their membrane

permeability (Gonzalez et al., 2007, 2020). Their activation during a bacterial

challenge at larval stages in C. gigas (Genard et al., 2013) and C. farreri (Yue et al.,

2013a) indicates that LBP/BPI may promote highly sensitive pro-inflammatory

responses during early development, as suggested by Tirapé et al. (2007).

1.6 Research approach

1.6.1 Problem statement

Larval mortality events associated with Vibrio spp. have been described in bivalve

hatcheries for more than 50 years (Guillard, 1959; Dubert et al., 2017b) and are still a

major problem. Vibriosis constitutes one of the major problems in the bivalve

production process during the early stages of development (Dubert et al., 2017b),

leading to high mortality rates and the rapid loss of complete batches. Hence,

knowledge of pathogenesis of vibriosis in larvae is essential for successful bivalve

culture and disease treatment.

On the other hand, research conducted so far related to the infection process is

limited. Because of the tiny size of bivalve larvae (80-100 μm in length for D-larvae),

anatomical tissue sampling and hemolymph extraction to study the infection
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dynamics of Vibrio is impossible. Hence, research was historically restricted to

histopathological observations of the whole animal at the beginning of bivalve

vibriosis research (Elston and Leibovitz, 1980). Observation of histological sections

can give a fast report about the tissue damages caused by Vibrio cells. But to locate

the Vibrio cells in the whole animals, it needs extra work during histological

observation since sections of the whole body instead of the specified organs are

required. Even the immunohistochemical analysis, which is used for locating targets

by binding specifically to antigens (here pointing to Vibrio cells) is unable to give a

precise positioning of Vibrio cells in bivalve larvae because of the tiny size of this

animal (Sandlund et al., 2007). Besides, Vibrio infection is a dynamic process while

histological analysis is limited to static destruction and does not allow distinguishing

the tested pathogen from the regular microbiota inside the larvae. Furthermore, the

same batch of challenged larvae could be in different stages of infection process.

Hence, to follow the infection process, a large number of larvae from different time

points may need to be cut and extra immunohistochemical analysis are required. It

takes a long time to associate the clinical signs of vibriosis in larvae with the

impairment of larval tissues at the same infection time (Dubert et al., 2016b).

Consequently, to get a precise localization of Vibrio cells inside the bivalve larvae,

different tools have been used, such as the use of green fluorescent protein (GFP)

and 5-([4,6-dichlorotriazin-2-yl]amino) fluorescein hydrochloride (5-DTAF) (Rojas et

al., 2015; Dubert et al., 2016b). GFP is a protein that exhibits bright green

fluorescence when exposed to light in the blue to ultraviolet range (Tsien, 1998). It is

frequently used as a reporter of expression by being introduced into bacteria or other

organisms through transgenic techniques, and is maintained in their genome and that

of their offspring (Phillips, 2001). Because of its higher fluorescence intensity, higher

photostability, improved visibility, higher biosecurity and easier expression regulation

(Heim et al., 1994; Heim et al., 1995; Cormack et al., 1996), GFP is increasingly

being used to illustrate the dynamic movement of a pathogen in vivo in different
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aquaculture animals during infection (Travers et al., 2008; Rekecki et al., 2012;

Aboubaker et al., 2013). However, there are also limitations in GFP tagging. Again

because of the tiny size of bivalve larvae, different organs can’t always be explicitly

separated and hence the precise localization of the lesions can’t be determined with

only the GFP tagging tool (Dubert et al., 2016b).

Therefore, it is highly needed that histopathological observations and GFP tracking

are combined in a complementary way for an improved understanding of the

development of bivalve vibriosis. This combination of tools has not been used so far

in bivalves. For a deeper observation, ultrastructural observation, for example

transmission electron microscopy (TEM), is also needed since it may allow to

observe the detailed impairment intracellularly and hence help to confirm the results

of histopathological analysis at cellular level. Moreover, the non-fully developed

immune system during early developmental stages makes bivalve larvae more

susceptible for pathogens than spats and adults. Hence, combining the synchronous

immune response of bivalve larvae with the infection process, which is also missing

in the existing literatures, may be an essential tool to obtain a better understanding of

the interaction of bivalves and Vibrio spp..

In addition to the need for improvement of research tools, another problem is linked

to the animal rearing system itself. A conventional aquatic animal rearing system is

very dynamic, and this includes its microbial community. The composition of the

microbial community found in the digestive tract is influenced by the environmental

conditions, but also by stochastic factors as demonstrated in Artemia (Verschuere et

al., 1997). This observation was confirmed by Fjellheim and colleagues (2007) who

found a large variation in the microbial community among Atlantic cod (Gadus

morhua L.) larvae that were raised in the same tank. In contrast, the use of the so-

called gnotobiotic model system (animals cultured in axenic conditions) allows an

increased control of variables, enhanced reproducibility of results, and a more

accurate experimental design by separating an animal into the host and its
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microbiota. Hence this model system can be used as an excellent tool to understand

the mechanisms bacteria use to cause disease, and to evaluate new treatments

(Marques et al., 2006). Several gnotobiotic larval challenge test systems have been

established for aquatic animals, such as for Pacific oyster C. gigas (Douillet and

Langdon, 1993), blue mussel M. edulis (Hung et al., 2015; Eggermont et al., 2017),

hard clams Venus mercenaria (Guillard, 1959), zebrafish Danio rerio (Rawls et al.,

2004), brine shrimp Artemia franciscana (Marques et al., 2005), seabass

Dicentrarchus labrax (Dierckens et al., 2009), and Nile tilapia Oreochromis niloticus

(Situmorang et al., 2014). In this PhD study, a highly controlled immersion challenge

model will be modified and applied for clarifying the interactions between the bivalve

host and the tested Vibrio strains.

1.6.2 Motivation of bivalve species used

In order to achieve our research objectives (c.f. section 1.6.4), two bivalve species

were chosen as experimental species, blue mussel M. edulis and Pacific oyster C.

gigas (Figure 1-10), because of their worldwide importance and relevance as model

species.

Figure 1-10. Blue mussel Mytilus edulis (left) and Pacific oyster Crassostrea gigas (right).

http://www.fao.org/fishery/species.

http://www.fao.org/fishery/species
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The Pacific oyster C. gigas was introduced from Asia to numerous countries

throughout the world (e.g. Canada, the USA, Brazil, Australia, New Zealand, Chile,

Mexico, Argentina, South Africa, Namibia, and numerous European countries

including France) during the 20th century (Ruesink et al., 2005). Nowadays, C. gigas

is the main oyster species farmed worldwide and represents more than 98% of oyster

production (FAO, 2020). Worldwide production of C. gigas is estimated at 4.7 million

tons per year (Petton et al., 2021). China is, by far, the leading producer, followed by

South Korea, Japan, and France (FAO, 2020).

Pacific oyster is also important for Europe (France, The Netherlands) even if the

quantities are not comparable with the production in China. But for the local economy,

they are crucial: the oyster production in France, which is the fourth largest oyster

producer in the world, amounts to 79,000 tons, worth 347.5 million euros in 2013

(FAO, 2016).

However, oyster production is highly vulnerable to degradation of the environment by

pollutants and infectious disease outbreaks. Mass mortality events in Pacific oysters

have been reported since the 1950s in most producing areas, including Japan, the

USA, Europe, New Zealand, and Australia (Imai et al., 1965; Hine et al., 1992;

Nicolas et al., 1992; Friedman et al., 2005; Soletchnik et al., 2007). Mortalities

frequently occur during the summer months, with “summer mortality” often used as

an umbrella term to encompass mortalities resulting from viral and/or bacterial

infection overlaid with environmental stressors (Friedman et al., 2005; Garnier et al.,

2007; Malham et al., 2009). Different pathogenic agents (bacteria, viruses, and

parasites) have been implicated in these outbreaks and can affect different life

stages (King et al., 2019). In some instances of C. gigas summer mortality, several

members of the Vibrio genus have been implicated as potential disease-causing

agents (Jeffries, 1982; Waechter et al., 2002; Garnier et al., 2007). These Vibrio
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infections typically target the larval and spat life stages but can also be induced in

adult oysters through experimental injection challenges (Jeffries, 1982; Garnier et al.,

2007).

Because of this economic relevance, and the relative ease to culture it in controlled

laboratory conditions, the biology, genetics and innate immunity of C. gigas have

been extensively studied (Li and Guo, 2004; Hedgecock et al., 2007; De Lorgeril et

al., 2011). These studies, together with a recent and ongoing whole genome project

(Zhang et al., 2012), make C. gigas a potential model organism for marine bivalve

research (Huan et al., 2012a; Roux et al., 2016).

As for mussels, in the European Union, 79% of shellfish production was composed of

mussel culture and 36% of the cultured mussels were M. edulis in 2018 (FAO, 2020).

Main European production countries of the blue mussel M. edulis are The

Netherlands, France and Spain (Beaumont et al., 2007; Kamermans et al., 2013;

Avdelas et al., 2021). Mussels are a moderately-priced food rich in marine proteins

(Monfort, 2014). The consumption of blue mussels in Belgium is about 27,000 tons

per year with nearly 4 kg per capita, upgrading Belgium to the most important export

market for The Netherlands (Monfort, 2014). There is an increasing interest in

growing blue mussels in the Belgian part of the North Sea as part of the Blue Growth

initiative (http://bluegent.ugent.be/edulis; https://vilt.be/nl/nieuws/colruyt-krijgt-

vergunningen-voor-zeeboerderij). For example, the Edulis project on offshore mussel

culture in wind farms, is a collaboration between Ghent University and other partners,

and studies the feasibility of mussel culture in offshore wind farms, 30 to 50 km off

the Belgian coast, the possibilities for integration of mussel farming with the existing

activities in wind farms and the sustainability of offshore mussel culture and the

impact on seawater quality.

While oysters are the subject of recurrent mass mortalities at different life stages,

mussels appear rather resistant to infections (Destoumieux-Garzón et al., 2020).

http://bluegent.ugent.be/edulis
https://vilt.be/nl/nieuws/colruyt-krijgt-vergunningen-voor-zeeboerderij
https://vilt.be/nl/nieuws/colruyt-krijgt-vergunningen-voor-zeeboerderij
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Actually, although mussels can concentrate Vibrio cells in their tissues (Stabili et al.,

2005), they are considered particularly resistant to vibriosis (Destoumieux-Garzón et

al., 2020). They rarely experience mass mortalities (Domeneghetti et al., 2014;

Romero et al., 2014) although recent outbreaks of unknown etiology have been

reported (Charles et al., 2020). Hence, these two economically important species,

Pacific oyster and blue mussel, were used as a comparison to see the difference in

the infection patterns of Vibrio spp. and the vibriosis resistance of bivalves.

Moreover, different culturing temperatures for rearing two species may help to test

the same pathogens at two different temperatures, which may affect growth rates

and pathogenicity (see section 1.6.3 and 1.6.4). C. gigas has cosmopolitan

distribution among subtropical and temperate areas (Sicard et al., 2006). Their larvae

are able to tolerate temperate (17 ℃) to warm (32 ℃) seawater temperatures (Rico-

Villa et al., 2009). But the optimal temperature for C. gigas fertilization is 18-26 ℃

(Song et al., 2014), for embryo development from 22 ℃ to 26 ℃ (Gamain et al.,

2017), and for larval rearing between 20 and 28 ℃ (Robinson, 1992). In general, C.

gigas larvae are cultured between 20 to 26 ℃ (Richards et al., 2015; Song et al.,

2016; Gamain et al., 2017; De Wit et al., 2018; Rosa and Padilla, 2020), which is also

the case for the hatchery of Roem of Yerseke (Yerseke, the Netherlands), the

supplier of the broodstock animals in this study. Following their protocol (personal

communication), fertilization, larval culture and challenge tests were carried out at

23℃, which is considered as “warm water” in this study.

M. edulis larvae are able to grow between 5 and 25 ℃, although 25 ℃ is close to the

upper tolerance limit for survival and growth is very slow at 5℃ (Beaumont and Budd,

1982; Brenko and Calabrese, 1969). Bayne (1965) suggested that

rearing M. edulis larvae in Denmark should be done at 18 ℃ as he observed an

increase in larvae growth rate from 10 to 18 ℃, and in some cases a decline in

growth rate above 18 ℃. This is in agreement with Galley et al. (2010) and

Kamermans et al. (2013) who suggested the optimum temperature for
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rearing M. edulis larvae to be 17 ℃ in Europe. Hence, we fertilized, cultured, and

challenged M. edulis larvae at 18 ℃ and considered this to be “cold water” in this

study.

Moreover, from a practical point of view, the relative easiness of handling larvae of

these species under laboratory conditions was also a motivation for their choice.

Finally, the different spawning seasons of blue mussel (April-June) and of Pacific

oyster (July-September) also guaranteed the availability of larvae of either species

for experimental work over a relatively long period during our study.

1.6.3 Motivation of pathogens used

Among the rare reported cases of Vibrio infection in mussels, V. splendidus strains

were isolated from moribund mussels in France and were linked to mortality (Travers

et al., 2015; Cheikh et al., 2016). Of the sites studied, the Bay of Brest, located at the

extremity of the Brittany Peninsula, is one of the locations where mussels suffered

massive mortality in 2014 and beyond. Estimated losses were 30% to 80%,

depending on the year. Vibrio strains belonging to the Splendidus clade were

identified and associated with these mortalities as one of the important reasons

(Charles et al., 2020). Strains identified as V. splendidus and V.

coralliilyticus/neptunius-like also caused high mortality rates in larvae of the

greenshell mussel Perna canalicula (Mytilidae) (Kesarcodi-Watson et al., 2009a).

Thanks to highly developed oyster production systems that go from hatcheries to

nurseries and grow-out farming, we have a good knowledge of Vibrio species

infecting different developmental stages of Crassostrea spp.. Vibrio associated with

diseases in oyster spat and/or larvae include bacteria belonging to the species V.

anguillarum, V. alginolyticus, V. tubiashii/V. europaeus, Vibrio ostreicida, V.

coralliilyticus, Vibrio neptunius, V. bivalvicida, and to the Splendidus clade (Romalde

et al., 2014; Travers et al., 2015; Dubert et al., 2017b). Closely related species of the

Splendidus clade (e.g. V. splendidus, Vibrio tasmaniensis, Vibrio cyclitrophicus and V.
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crassostreae) have been repeatedly isolated from C. gigas juveniles (<12 months old)

affected by the Pacific Oyster Mortality Syndrome (POMS) triggered by the Ostreid

herpesvirus OsHV-1 μVar (Lemire et al., 2015; Bruto et al., 2017).

Eggermont et al. (2017) isolated the strain V. splendidus CAIM 1923 (ME9) from

healthy wild-caught blue mussel adults, and demonstrated that isolate ME9 caused

69% mortality within two days and more than 98% mortality after five days in blue

mussel larvae. In the same study, V. anguillarum LMG 32357 (NB10) was also

reported to cause 85% mortality at day five in blue mussel larvae (Eggermont et al.,

2017). Since V. splendidus and V. anguillarum were also described as pathogenic

strains in oyster larvae (Tubiash et al., 1965; Tubiash, 1975; DiSalvo et al., 1978;

Lodeiros et al., 1987; Sugumar et al., 1998; Hasegawa et al., 2009), these two known

blue mussel pathogenic strains, V. splendidus ME9 and V. anguillarum NB10, were

selected for our study.

1.6.4 Thesis objectives and structure

1.6.4.1 General research objective

The general objective of this study is to achieve an improved understanding of the

pathogenesis of vibriosis in bivalve larvae.

Undoubtedly, the first step to achieve this objective is to know clearly the different

aspects of pathogenesis of vibriosis, including adherence and colonization, routes of

entry, and lesion development, as described in section 1.4. From the very start of

infection, the colonization preference of Vibrio and the infection route should be

determined. Considering that infection is a dynamic process, the best way to observe

it is tracking the bacteria and following the whole infection process in vivo. GFP has

been used extensively for in situ animal studies that follow up bacterial infection

under epifluorescence microscopy. Synchronous histopathological observation can

provide additional information on the infection route and on lesion development and
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ultrastructural observations may help to confirm the results of histopathological

analysis. Combining all the above methods with the immune response of bivalve host

during infection may facilitate to understand the interactions of hosts and Vibrio spp..

As explained above, all these methods have been applied in bivalve larvae so far but

separately. Hence we combined these techniques to improve our understanding of

the pathogenesis of vibriosis.

Considering the fact that different bivalve species show differences in their defense

mechanisms to pathogens, most probably also in the early stage of the infection

process, we used two bivalve species that belong to different temperature zones to

explore possible different infection dynamics. In addition, the difference in optimal

rearing temperature between the two species created the opportunity to test the

same pathogens at two different temperatures, which may affect growth rates and

pathogenicity. The testing of two different Vibrio species on the other hand will

provide insight on whether they apply different modes of infection, since they may

have different infection strategies that may even change depending on the host, as a

reaction to the host’s defense system. Consequently, this 2 x 2 matrix approach

guaranteed a maximal coverage of all variables that may play a role in the infection

process of bivalve larvae.

1.6.4.2 Specific research objectives

 To verify the influence of GFP insertion on the physiological traits of Vibrio

strains and the effectiveness of GFP tagging as a tool to study bivalve larval

diseases

 To follow up the infection process of vibriosis in bivalve larvae with the

combined tools including GFP tagging, histological observation and

ultrastructural examination

 To verify possible different infection patterns in different hosts: cold-water

blue mussel larvae and warm-water Pacific oyster larvae
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 To understand better the immune response of bivalve larvae to vibriosis, by

linking gene expression of selected immune-related genes to the different

phases of infection damage

 To start exploring a potential anti-infection therapy based on lectins

1.6.4.3Thesis outline

A schematic overview of the thesis is shown in Figure 1-11. A general introduction

and a review of the relevant literature are presented in Chapter 1. Firstly, to avoid

that GFP insertion, achieved by transgenic techniques, would influence the infection

pattern of vibriosis, we investigated the effect of GFP incorporation on the bacterial

physiology, including bacterial growth, swimming motility and virulence, before

applying GFP-tagged strains in our further work (Chapter 2). We then challenged the

cold-water blue mussel D-larvae with ME9, NB10 and their GFP-tagged Vibrio strains

using a gnotobiotic immersion challenge model (Chapter 3). Under epifluorescence

microscope, the GFP tagging and the transparent larval shells enabled us to observe

the location of the bacteria in the animals throughout the infection process. The

tissue damages in the host larvae were synchronously recorded by haematoxylin and

eosin (H&E) stained histological analysis and TEM observation.

In order to verify if the same Vibrio species may have different types of pathogenesis

when invading different bivalve species, warm-water Pacific oyster larvae were

challenged with the same Vibrio spp. as used in Chapter 3 in a gnotobiotic system

(Chapter 4). Similarly, GFP tagging and H&E sections were used in oyster larvae to

clarify the onset and advancement of the vibriosis. As the immune system is not fully

developed during the larval stage, the intensive cultivation of bivalve larvae is

frequently characterized by mass mortality. The immune response to pathogenic

microorganisms in early stages of bivalves is still far from being fully elucidated.

Therefore, in Chapter 4 we also studied immune gene expression to clarify the

mechanisms used by the host to resist to the disease. In Chapter 5, we made a first
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step to explore the possible promoting effect of lectins on hemocyte phagocytosis of

Vibrio spp. in Pacific oyster. The potential function of lectins as an anti-infective agent

to protect oysters was preliminarily explored. Only Pacific oyster but not blue mussel

was chosen in chapter 4 and 5 because of the longer spawning period (natural

spawning season and artificial spawning period) and the easy availability of primers

of Pacific oyster. The experimental materials (larvae) are limited by the spawning

period. Blue mussel larvae are only available from April to June. However, besides

the natural spawning season (July-September), Pacific oyster larvae are also

available in hatcheries during winter time. Furthermore, more literature information is

related to immune genes of Pacific oyster than that of blue mussel. The whole

genome of Pacific oyster is publicly available. It helps to design the primers of the

tested genes. Finally, the most valuable findings are highlighted and discussed in

Chapter 6 together with final conclusions and future perspectives.
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Figure 1-11. Schematic overview of the topics addressed in this thesis.
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Chapter 2

Can only one physiological trait
determinate the adverse effect of green
fluorescent protein (GFP) incorporation

on Vibrio virulence?

Redrafted after:

Wang D., Van Stappen G., Loor A., Mbewe N., Bossier P., Nevejan N (2021) Can

only one physiological trait determinate the adverse effect of green fluorescent

protein (GFP) incorporation on Vibrio virulence? Applied Microbiology and

Biotechnology, 1-14.



CHAPTER-2

54

Abstract

Green fluorescent protein (GFP) has been used extensively for in situ animal studies

that follow up bacterial infection under epifluorescence microscopy. It is assumed that

GFP is acting as a “neutral” protein with no influence on the bacterial physiology. To

verify this hypothesis, the virulence of Vibrio splendidus ME9, Vibrio anguillarum

NB10, and their respective GFP-tagged strains ME9-GFP and NB10-GFP

(transconjugants), was compared in vitro and tested in vivo towards blue mussel

(Mytilus edulis) larvae. Results showed that the incorporation of GFP negatively

impacted the growth and swimming motility of NB10 in vitro. Correspondingly, the

mRNA levels of genes involved in bacterial swimming motility (flaA, flaE and cheR)

were significantly down-regulated in NB10-GFP. As for the strain ME9 on the other

hand, GFP incorporation only had a negative effect on swimming motility. However,

both the strain NB10-GFP and ME9-GFP showed almost the same virulence as their

respective parental strain towards mussel larvae in vivo. Overall, the data presented

here demonstrated that incorporation of GFP may cause modifications in cell

physiology and highlight the importance of preliminary physiological tests to minimize

the negative influence of GFP tagging when it is used to monitor the target

localization. The study also supports the idea that the virulence of Vibrio species is

determined by complex regulatory networks. Notwithstanding the change of a single

physiological trait, especially growth or swimming motility, the GFP-tagged Vibrio

strain can thus still be considered as usable in studies mainly focusing on the

virulence of the strain.
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2.1 Introduction

Bivalve larval mortality events caused by pathogenic Vibrio spp. have been

documented for 60 years (Guillard, 1959; Tubiash et al., 1965; Lodeiros et al., 1987;

Schulze et al., 2006; Beaz-Hidalgo et al., 2010; Genard et al., 2013; Dubert et al.,

2016 ab; Rojas et al., 2016; Ushijima et al., 2018; Wang et al., 2021 ab). The first

phase of vibriosis is attaching to and colonizing host tissues. However, studies on the

pathogenesis of vibriosis so far are limited in bivalve larvae (Elston and Leibovitz,

1980; Wang et al., 2021 ab).

Fluorescent protein (FP) markers have been used as a powerful tool to track

pathogenic bacteria and to facilitate observation of the infection and colonization of

targets. Even though the FPs have become available across a wide visible spectrum

from blue to far-red (Patterson et al., 2001; Shaner et al., 2004, 2005; Müller-

Taubenberger and Anderson, 2007), the earliest and most studied FP is the green

fluorescent protein (GFP) (Morise et al., 1974; Cormier et al., 1975; Chalfe et al.,

1994). GFP was first found in jellyfish Aequoria victoria (Shimomura et al., 1962), and

was then cloned and expressed heterologously, which represented a major

breakthrough for research in cell biology (Prasher et al., 1992; Chalfe et al., 1994;

Tsien, 1998). For more than two decades, mutations in GFP with higher fluorescence

intensity, higher photostability and improved visibility (Heim et al., 1994, 1995;

Cormack et al., 1996) have been used as markers that are genetically linked to

various proteins and that visualized their subcellular distribution and dynamics, or as

a tool to observe whole cells in an organism (Valdivia et al., 1996; Tsien, 1998;

Lippincott-Schwartz et al., 2001; Day et al., 2008; Belardinelli et al., 2017; Wang et

al., 2021 ab). GFP is a powerful tool, especially to track bacteria, without any other

fluorescent probe or staining requirement (Chalfe et al., 1994). Therefore, the use of

GFP tagging in pathogenic Vibrio species has recently facilitated the unraveling of

bacterial infection dynamics in molluscs (Travers et al., 2008; Aboubaker et al., 2013;

Dubert et al., 2016b; Wang et al., 2021 ab), shrimp (Shanthi and Vaseeharan, 2014;
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Vinoj et al., 2014) and fish (O’Toole et al., 2004; Ringø et al., 2007; Rekecki et al.,

2012; Gobi et al., 2016; Girija et al., 2018).

Ideally, GFP acts as a “neutral” protein with no influence on the bacterial physiology.

In many cases, this protein has been used without verifying whether it could change

the metabolism of the bacterial cells. However, in recent years, it has been frequently

documented that GFP harbors the potential to influence the physiological traits of the

GFP-carrying bacteria (Knodler et al., 2005; Allison and Sattenstall, 2007; Rekecki et

al., 2012; Aboubaker et al., 2013; Weill et al., 2019). As growth characteristics are

very important for bacteria, the growth curve has frequently been considered as the

main or even sole method to estimate the potential influence of GFP incorporation on

bacterial physiology (Allison and Sattenstall, 2007; Rekecki et al., 2012; Aboubaker

et al., 2013; Dubert et al., 2016b). GFP tagging interfered with the growth fitness in

budding yeast (Weill et al., 2019). In another case, whilst no significant differences in

growth rate were observed, GFP-carrying Escherichia coli and Pseudomonas putida

strains were uniformly more sensitive to tested antimicrobial agents than their

respective parental strain (Allison and Sattenstall, 2007). Moreover, GFP expression

in Vibrio has been reported to slow down bacterial growth and slightly delay mortality

of sea bass larvae (Dicentrarchus labrax) (Rekecki et al., 2012), and on the other

hand to increase the virulence of bacteria towards Pacific oyster (Crassostrea gigas)

(Aboubaker et al., 2013). All this literature evidence suggests that the effect of GFP

incorporation on bacterial physiology is multiple and unpredictable (Rang et al., 2003).

Before tracking specific bacteria via GFP tagging, there is a need to document such

possible adverse effects of this technique for every specific experimental set-up.

Therefore, we compared the virulence of GFP-tagged Vibrio strains (or

“transconjugants”) and the untagged strains (or “parents”) towards blue mussel

(Mytilus edulis) larvae in vitro and in vivo. The blue mussel was chosen given its role

as a model species (Hung et al., 2015) and the relative easiness of handling larvae

under laboratory conditions. In addition, blue mussel forms a significant part of the
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world’s bivalve production. In the European Union, 79% of shellfish production was

composed of mussel culture and 36% of cultured mussels were M. edulis in 2018

(FAO, 2020). Eggermont et al. (2017) isolated strain Vibrio splendidus ME9 from

healthy wild-caught blue mussel adults, and demonstrated that isolate ME9 caused

69% mortality within two days and more than 98% mortality after five days in blue

mussel larvae. Meanwhile, Vibrio anguillarum NB10 was also reported to cause 85%

mortality at day five in blue mussel larvae (Eggermont et al., 2017). Hence, these two

Vibrio strains V. splendidus ME9 and V. anguillarum NB10, known to be pathogenic

to blue mussel (Eggermont et al., 2017), were used in this study.

2.2 Materials and methods

2.2.1 Bacterial strains and culture conditions

The pathogenic strains V. splendidus CAIM 1923 (ME9) and V. anguillarum LMG

32357 (NB10) (Eggermont et al., 2017) had been stored at -80 ℃ in the Laboratory

of Aquaculture & Artemia Reference Center (Ghent University, Belgium) (Table 2-1).

Both strains were made rifampicin-resistant by natural selection according to Pande

et al. (2013) with some modification. Briefly, the strains were cultured overnight at

18 ℃ and shaken at 120 rpm in Luria-Bertani (LB) broth supplemented with 35 g L-1

NaCl (Sigma-Aldrich, Brussels, Belgium) (LB35). Then 10% (v/v) broth was

transferred to fresh LB35 broth with 50 mg L-1 rifampicin (Sigma-Aldrich, Brussels,

Belgium) and incubated for 2-3 days until the medium showed growth signs at 18 ℃.

Afterwards, 1% (v/v) broth was spread with sterile cell spreaders (VWR, PA, USA) on

LB35 agar plates containing 50 mg L-1 rifampicin, followed by picking up a single

colony and repeating the whole procedure. Finally, the naturally resistant mutants of

the strains were stored in 30 % glycerol (Sigma-Aldrich, Brussels, Belgium) at -80℃.

For further experiments, the strains were grown overnight in LB35 containing 50 μg

mL-1 rifampicin at 18 ℃ with constant agitation on a horizontal shaker (GFL GmbH,

Germany) (120 rpm). Cell density was determined at 550 nm using a
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spectrophotometer (Thermo spectronic genesis 20, Thermo Fisher Scientific,

Merelbeke, Belgium). A conversion factor was used based on an OD of 1

corresponding to approximately 1.2 * 109 colony forming units (CFU) mL-1.

Table 2- 1. Strains used in this study.

Strains Names

Vibrio splendidus strain CAIM 1923 ME9

Vibrio anguillarum LMG 32357 NB10

GFP-tagged V. splendidus strain CAIM 1923 ME9-GFP

GFP-tagged V. anguillarum LMG 32357 NB10-GFP

2.2.2 DNA transfer and confirmation of GFP-tagged strains

GFP gene insertion was obtained by transposon mutagenesis between the

rifampicin-resistant recipients ME9 and NB10 and the donor Escherichia coli DH5α λ

pir carrying the suicide plasmid pJBA120 containing the genes encoding kanamycin

resistance and a pUT mini-Tn5 Km transposon with the gfp gene (Andersen et al.,

1998). Subsequently, the selection was performed on LB35 agar supplemented with

50 μg mL-1 rifampicin and 50 μg mL-1 kanamycin (VWR, PA, USA) (Boon et al., 2001).

GFP-tagged Vibrio strains (Table 2-1) were confirmed by checking the fluorescence

and the growth on TCBS plates. In addition, the confirmation of GFP-tagged strains

was done by sequencing the 16S rRNA gene as described by Gomez-Gil et al. (2012)

with some modifications. Briefly, DNA was extracted from the GFP-tagged strains by

simple boiling (Ribeiro et al., 2016). Polymerase chain reaction (PCR) amplification of

the 16S rRNA gene was done using universal primers (27F,

AGAGTTTGATCMTGGCTCAG; 1491R, TACGGYTACCTTGTTACGACTT) with the
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amplification program: one cycle at 94 ℃ (2 min) followed by 35 cycles at 94 ℃ (1

min), 55 ℃ (1 min 30 s), 72 ℃ (2 min) and a final extension step at 72 ℃ (5 min).

Then the PCR products were visualized using 1% gel electrophoresis at a constant

voltage of 110 V (Bio-Rad, CA, USA). Then, fragments were sequenced by LGC

Genomics GmbH (Berlin, Germany). Both of the nucleotide sequences of the GFP-

tagged strain and the parental strain were compared for a homology search using

BLAST software of the NCBI (http://blast.ncbi.nlm.nih.gov).

2.2.3 Genome sequencing and analysis

Nanopore sequencing of the whole Vibrio spp. genomes (ME9, NB10 and their GFP-

tagged strains) was performed by PathoSense (Merelbeke, Belgium) to determine

the location of the transposon insertion. Visualization of the genome was done using

SnapGene v5.2 (snapgene.com) for mapping of open reading frames (ORF). The

nucleotide sequences of gfp-carrying plasmid in ME9-GFP and NB10-GFP have

been submitted to GenBank under the Accession numbers CP076065 and

CP076070, respectively.

2.2.4 Evaluation of the preservation of GFP expression

Since the GFP-tagged strains will be used in further studies to follow the bacteria

inside the host throughout the infection process, the GFP encoding plasmid should

remain stable in the absence of the kanamycin selective pressure until the end of the

infection process. The preservation of GFP expression was estimated according to

Aboubaker et al. (2013). Briefly, one fluorescent colony was grown in LB35 broth for

48 h at 18 ℃ with 50 μg mL-1 kanamycin and rifampicin to ensure 100% plasmid

conservation. This culture was diluted in LB35 broth without kanamycin but with 50 μg

mL-1 rifampicin and grown at 18 ℃ overnight. The dilution times should be adjusted

to make sure each plate has 100-200 colonies. The daily re-inoculation of fresh

medium lasted for four days. Each day, a new culture was started with an aliquot of

the previous day’s culture, and plated, after dilution in filtered autoclaved sea water

http://blast.ncbi.nlm.nih.gov
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(FASW), on LB35 agar plates (containing 50 μg mL-1 rifampicin) at 18 ℃ to verify the

number of fluorescent over non-fluorescent colonies. Fluorescent colonies were

counted 48 h later by optical observation under UV light (Raytech Industries, CT, USA).

2.2.5 Bacterial growth curve

ME9 and NB10 were grown in LB35 containing 50 μg mL-1 rifampicin at 18 ℃ on a

rotary shaker at 120 rpm until 0.5 OD at 550 nm. Similarly, their transconjugants

ME9-GFP and NB10-GFP were grown in LB35 containing 50 μg mL-1 rifampicin and

50 μg mL-1 kanamycin until 0.5 OD at 550 nm. The culture broths were inoculated

(2% v/v) in 600 μL of LB35 containing 50 μg mL-1 rifampicin (for parents) or 50 μg mL-1

kanamycin and 50 μg mL-1 rifampicin (for transconjugants) in a 24-well plate in

quadruplicate. The plate was then sealed with parafilm and incubated at 18 ℃ on a

rotary shaker at 120 rpm. The growth of bacteria was monitored every 2 h for 48 h by

measuring the optical density of each well at 550 nm using a microplate reader

(Tecan Infinite M200, Männedorf, Switzerland).

2.2.6 Virulence factors of the Vibrio strains

To understand whether the GFP incorporation influences the virulence factors of the

selected Vibrio strains ME9 and NB10, swimming motility was compared between the

GFP-tagged strains and their parents, as well as lipase, phospholiphase, caseinase,

gelatinase and hemolysin activity, according to Natrah et al. (2011) and Yang and

Defoirdt (2015). All assays were performed at least in triplicate.

For the swimming motility assay, 5 μL of overnight cultured Vibrio strains (OD550=1)

was spotted in the center of LB35 soft agar plates (0.2% agar). The diameter of the

motility zones was measured after 24 h of incubation at 18 ℃.

As for the production of the lytic enzymes lipase, phospholipase, caseinase,

gelatinase and hemolysin, for each assay, overnight cultured Vibrio strains were



CHAPTER-2

61

diluted to an OD550 of 1, and 2 μL of the diluted cultures was spotted in the center of

the test plates.

Lipase and phospholipase activity was assessed by adding 1% Tween 80 (Sigma-

Aldrich, Brussels, Belgium) or 1% egg yolk emulsion (Sigma-Aldrich, Brussels,

Belgium) to the LB35 agar plates (1.5% agar), respectively. The diameter of the

opalescent zones was measured after four days of incubation at 18℃.

The caseinase assay plates were prepared by mixing equal volumes of a 4%

skimmed milk powder suspension (Oxoid, Basingstoke, Hampshire, UK), sterilized at

121 ℃ for 5 min, and autoclaved double strength LB35 agar plates (3% agar). Colony

diameters and clearing zones were measured after four days of incubation at 18 ℃.

Gelatinase assay plates were prepared by mixing 0.5% gelatin (Sigma-Aldrich,

Brussels, Belgium) with the LB35 agar plates (1.5% agar). After seven days of

incubation, a saturated solution of ammonium sulfate (80%) in distilled water was

poured over the plates and after two min, the diameter of the clearing zones around

the colonies was measured. Hemolytic activity assay was performed by adding 5%

defibrinated sheep blood (Oxoid, Basingstoke, Hampshire, UK) into autoclaved LB35

agar plates (1.5% agar). Colony diameters and clearing zones were measured after

four days of incubation at 18℃.

2.2.7 The expression of bacterial motility-associated genes

2.2.7.1RNA extraction and cDNA synthesis

The four Vibrio strains were grown to late exponential phase in four independent

cultures. Cells were sampled at the same time point and cell densities were adjusted

to obtain an OD550 of 1 and a sample of 1 mL bacteria suspension for each strain was

used. The bacteria were harvested, frozen in liquid nitrogen, and stored at -80 ℃

until analysis. Total RNA was extracted using the Qiagen RNeasy Plus Mini Kit (Cat

No. 74136) according to the manufacturer’s instructions. RNA quality and quantity
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were assessed by a ND-1000 NanoDrop spectrophotometer (ThermoFisher Scientific,

Merelbeke, Belgium). Reverse transcription was done from 1 µg of RNA samples

with the RevertAid H Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientific,

Merelbeke, Belgium) according to the manufacturer’s instructions.

2.2.7.2Motility-associated genes and primers used in the study

In order to examine the influence of GFP incorporation on the swimming motility of

ME9 and NB10, several genes (flaA, flaE, fleQ, fliR, cheR) documented to be

associated with motility (McGee et al., 1996; Li et al., 2015; Yang and Defoirdt, 2015)

were selected (Table 2-2).

Specific primers (Table 2-2) were designed using Primer3PlusTM

(www.primer3plus.com) with predicted product sizes in the range of 120-180 bp. All

the primers were optimized to an efficiency of 90-110% with a standard curve of

known concentration of DNA.

http://www.primer3plus.com
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Table 2- 2. Primers used for reverse transcriptase qPCR of virulence-related genes in Vibrio

splendidus ME9 and Vibrio anguillarum NB10.

Strain Genea Gene descriptionb Primer sequences (5’--3’) Reference

ME9

recA Recombinase A F: AGCGCAGAGAGTGGGTAAAA
R: CATCGATAGCACCTGAACGA

BJG01_21660c

rpoA DNA-directed RNA
polymerase, α subunit

F: CCGGTTGATAAAATCGCCTA
R: CGCATCCAGTTGTTCAGCTA

BJG01_18610c

flaA Flagellin F: GACAGCTGAAGGTGCAATGA
R: AGGTCGTTTCAGCAATACGG

BJG01_22950c

fleQ Flagellar regulatory
protein

F: ATCGTTGCCGATGAGAAAAG
R: ACAAACGGACCGTCTTTACG

BJG01_22915c

fliR Flagellar type Ⅲ secretion
system protein

F: GATTGAGCTGCTGTCCTTCC
R: GGATCGACCATAGAGGCAAA

BJG01_22845c

cheR Chemotaxis protein F: CGGAAATAGCGGCAAATAAA
R: AGAAAGTCCACGTCCCAATG

BJG01_20265c

NB10

recA Recombinase A F: AGCCACATGGGTCTACAAGC
R: AAGGGCATTACCACCTGTTG

VANGNB10_cI0
448d

rpoA DNA-directed RNA
polymerase, α subunit

F: AGATTAGCACGACACACGCA
R: AGTTACAGCACAACCTGGCA (Li et al., 2015)

flaA Flagellin F: GGATTCACAACGGGCAGAG
R: TTCGTCATTTGCGTGGTTTC (Li et al., 2015)

flaE Flagellin F: ATTCGCCGACTGCAAAGAGA
R: CGCCTTGAGTCGCAAATGAG

VANGNB10_cI1
950d

fleQ Flagellar master regulator F: GCAAGTCTCAGGCACAGAAG
R: ACAGTTAATCGGCACAAACG (Li et al., 2015)

cheR Chemotaxis methyl
transferase

F: GCCATGACCACCAACGAA
R: GCTTGCCGCTGACCAAA (Li et al., 2015)

a: Gene symbols according to NCBI’s Gene Database.

b: According to UniProt Database.

c: Locus tag in the Vibrio splendidus strain CAIM 1923 (ME9) genome sequence (GenBank).

d: Locus tag in the Vibrio anguillarum strain NB10 genome sequence (GenBank).



CHAPTER-2

64

2.2.7.3Quantitative real-time PCR (RT-qPCR) analysis

Quantitative reverse transcriptase real-time PCR was performed with Maxima®

SYBR Green/ROX qPCR Master Mix (Fisher Scientific, Aalst, Belgium). The

amplification was performed in a total volume of 15 µL, containing 7.5 µL of 2× SYBR

green master mix, 4 µL of cDNA (10 ng), and 1.5 µL of each specific primer (4 µM). A

master mix was prepared for four biological replicates and two technical replicates for

each sample. The thermal cycling consisted of an initial denaturation at 95 °C for 10

min followed by 40 cycles of denaturation at 95 °C for 15 s, primer annealing at 60 °C

for 30 s and elongation at 72 °C for 30 s. A negative control reaction was included for

each primer set by omitting template cDNA. Data acquisition was performed with the

StepOne Software v2.3 (Applied Biosystems, Foster City, CA, USA). Two genes rpoA

and recA, previously identified as the most stably expressed reference genes in

bacterial strains, were used for qPCR normalization (Kim et al., 2013; Rocha, 2015).

The comparative CT method (2-ΔΔCt method) following Livak and Schmittgen (2001)

was used to analyze the expression level of the target genes.

2.2.8 Assessment of virulence of GFP-tagged Vibrio strains in blue mussel

larvae

2.2.8.1Broodstock

Mature mussels (M. edulis) were supplied by the mussel producer Roem van

Yerseke (Yerseke, The Netherlands) during the natural spawning season (April and

May, 2018). They were transported chilled (polystyrene box with ice packs) to the

Laboratory of Aquaculture & Artemia Reference Center (Ghent University, Belgium).

Upon arrival, the animals were temporary stocked in a recirculating seawater system

maintained at 8 ℃ with a cooler and fed daily with a commercial microalgae

concentrate (Shellfish Diet 1800®, Reed Company, USA) to keep them in condition.

0.03 - 0.06 ml Shellfish Diet per gram of wet meat weight was manually added in the
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water. Feces in water were removed by siphoning before the next feeding, followed

by a 10% daily water renewal.

2.2.8.2Rearing of blue mussel D-larvae

The spawning and fertilization was performed according to Hung et al. (2015). The

mature mussels were stimulated by a thermal shock at 5 ℃ and 20 ℃, repeatedly

and alternatively, for 15 min at each time until spawning occurred. Mature males and

females were identified after spawning and isolated by placing each mussel in a

plastic beaker containing FASW. Eggs and sperm were gently mixed at a ratio of 1:10

in a sterile beaker containing 1 L FASW under the laminar flow. When the polar body

appeared in most of the embryos, the embryos were gently rinsed with sterile natural

seawater on a 30 µm sieve to remove excess sperm and transferred to 2 L glass

bottles at a maximum density of 100 eggs mL-1 at 18 ℃ with a mixture of antibiotics

chloramphenicol, nitrofurazone and enrofloxacin (Sigma-Aldrich, Brussels, Belgium)

(each at 10 mg L-1). After two days of incubation, D-larvae (~100 μm in length) were

harvested on a sterile 50 µm sieve and washed gently with FASW at least five times

to remove all remnants of the antibiotics. Rinsed larvae were transferred to a sterile

beaker filled with FASW and the density of larvae was adjusted to 200 larvae mL-1.

2.2.8.3Challenge test

The challenge tests were designed to compare the virulence between the GFP-

tagged transconjugants and the non-GFP containing parents by measuring the

survival of mussel larvae. The four-day challenge tests were conducted as described

by Hung et al. (2015) with modifications. Aliquots of 500 µL of larvae were transferred

to 24-well plates, making sure each well had approximately 100 larvae. Each

bacterial strain was inoculated into the well plates at three concentrations (104, 105

and 106 CFU mL-1), corresponding with twelve treatments in quadruplicate. Including

the 500 µL of D-larvae, all wells contained 1 mL of FASW, supplemented with LB35

(0.1% v/v), rifampicin (10 μg mL-1), and the Vibrio strain (except for the control). Four
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wells with the same amount of larvae, LB35, rifampicin like the other wells but without

Vibrio strains served as control treatment. The 24-well plates were replicated four

times (1 plate for each sampling time point) but with completely randomized

arrangement of wells. All the plates were incubated at 18 ℃. At 24, 48, 72, and 96 h

post challenge, the larval mortality was checked using a Nikon SMZ1270 binocular

stereomicroscope (Nikon, Tokyo, Japan) and Nikon light eclipse E200 microscope

(Nikon, Tokyo, Japan). Mortality was assessed by Lugol (5% v/v) staining whereby

larvae that stained brown/dark were regarded as alive, and were counted as dead if

parts of the organs were stained or if larval shells were totally empty. The challenge

test was repeated once in time. To make the results stronger, the data of both these

two challenge tests are shown here.

To quantify the microbial load in the mussel larvae, a subsample of about 1000 rinsed

larvae gotten from the 2-L incubation bottle was homogenized in triplicate in 100 µL

sterile seawater, and plated on marine agar (MA). Furthermore, 100 µL of the rearing

seawater from each control replicate was plated on MA and TCBS once daily during

the four-day challenge test. Plates were incubated at 18 ℃ for two days. Only if there

were no bacteria growing on the plates, were the data used. Otherwise, the whole

procedure including fertilization, larvae culturing and challenge test were repeated

(Eggermont et al., 2017).

2.2.9 Statistical analysis

To study the effect of GFP incorporation on the growth of the considered Vibrio

strains, a two-way repeated measures ANOVA was conducted, taking into account

the replicate measurements, and using GFP labeling and time as factors. The effect

of GFP labeling on the activity of virulence determinant was analyzed by one-way

ANOVA, followed by Bonferroni post-test. The survival data of the larvae were

arcsine transformed to satisfy normality and homoscedasticity requirements. To

identify the virulence of tested strains towards M. edulis larvae, the survival data
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were subjected to one-way ANOVA, followed by Bonferroni post-test. Results for the

gene expression were represented as fold-changes relative to the geometrical mean

of two internal control genes (recA and rpoA). The expression level in the parent

strain was regarded as 1.0 and the expression ratio of the GFP-tagged strains was

expressed in relation to the parent group. To identify significant differences between

the parents and transconjugants, the expression of virulence-related genes was

analyzed with Student’s t-test using log-transformed 2-ΔΔCt values. Statistical analyses

were performed using the Statistical Package for the Social Sciences (SPSS, v 25.0,

Chicago, IL, USA) using a significance level of 5%.

2.3 Results

2.3.1 Verification of the GFP-tagged Vibrio strains

The transconjugants had the same morphology of colony as their corresponding

parental strains on TCBS agar (not shown). The transconjugants showed strong

green fluorescence under UV light on LB35 agar plates supplemented with rifampicin

and kanamycin (Figure 2-1). Moreover, the 16S rRNA gene sequencing results of the

GFP-tagged strains showed 99.80% and 99.75% similarity with their original strains,

V. splendidus ME9 and V. anguillarum NB10, respectively. The results showed a

successful conjugation of GFP to strain ME9 and strain NB10.
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Figure 2-1. Transconjugants showing strong green fluorescence under UV light on LB35 agar

plates containing rifampicin and kanamycin each at a concentration of 50 μg mL-1. A: GFP-

tagged ME9 strain (ME9-GFP). B: GFP-tagged NB10 strain (NB10-GFP).

2.3.2 Localization of the gfp gene

The whole genome sequencing of ME9, NB10 and their GFP-tagged strains showed

the gfp gene localized in a plasmid sequence of ME9-GFP and NB10-GFP. The maps

and sequences of the gfp-carrying plasmids are provided in the supplementary

material. None of the ORFs on the gfp-carrying plasmid was apparently related to

virulence-related genes of the Vibrio strains, which indicated that the gfp gene

insertion into the plasmid has little or no possibility to modulate virulence

(Supplemental Figure S 2-1, S 2-2).

2.3.3 The preservation of GFP expression

To verify the plasmid retention time, ME9-GFP and NB10-GFP were cultured at 18 ℃

in LB35 for four days, with daily re-inoculation of fresh medium in the absence of the

kanamycin selective pressure. Depending on the growth characteristics of the 4

A B
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different strains, the amount of generations (culturing time/doubling time) over four

days was approximately calculated and found to be lying in between 39 and 72. The

results showed that even though the strains started losing plasmids from day one, at

least 70% of them still displayed high fluorescence after four days (Figure 2-2).

Figure 2-2. GFP encoding plasmid retention in Vibrio splendidus ME9 and Vibrio anguillarum

NB10 over four days of culture. Each day the bacteria culture broth was re-inoculated in fresh

LB35 medium and plated to verify the number of fluorescent over non-fluorescent colonies.

Data are expressed as mean ± SE (n = 3).

2.3.4 The effect of GFP incorporation on bacterial growth

The growth of the bacteria was monitored during a 48-h period in a batch culture

(Figure 2-3). ME9 displayed a faster growth than NB10, and this pattern was also

true for their respective transconjugants. As compared with its parental strain, ME9-

GFP showed slight growth suppression in the lag phase. But the growth suppression

didn’t cause a delayed growth after 12 h post-inoculation in ME9-GFP. For the strain

NB10, a significant growth decrease in NB10-GFP started in lag phase, resulting in a
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delayed entrance in the logarithmic phase. The latter was characterized by similar

growth rate between the two NB10 strains.

Figure 2-3. Growth of the parental type Vibrio spp. and their GFP-tagged strains, expressed

as increase of optical density over a 48 h culture period. Data are expressed as mean ± SE (n

= 4). Values at each time point that are marked with a different letter are significantly different

(P < 0.05, two-way repeated measures ANOVA). The letters shown in the legend of the figure

indicate overall statistically significant differences between the four groups. The letters above

each point indicate the difference between the four groups on each sampling point.

2.3.5 The effect of GFP incorporation on bacterial virulence factors

The strain ME9 displayed a significantly higher swimming motility as compared to the

strain NB10 (P < 0.0001, one-way ANOVA). Similarly, the swimming motility of ME9-

GFP was significantly higher than that of NB10-GFP (Figure 2-4). On the other hand,

the GFP expression was associated with decreased swimming motility of both Vibrio

strains. The bacteria were tested positive for the virulence factors, except for lipase

activity since no clearing zone was observed around the colonies (data not shown).
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Moreover, hemolytic activity was only observed in the strains ME9 and ME9-GFP

while NB10 and NB10-GFP didn’t show this activity (Figure 2-5 D-E). Finally, no

significant differences in activity of the lytic enzymes between the parental strains

and their corresponding GFP-tagged strains were found (Figure 2-5 A-C).

Figure 2-4. Impact of GFP insertion on swimming motility of Vibrio splendidus ME9 and Vibrio

anguillarum NB10. The swimming motility is expressed as the diameter of the motility zone

(A). Each plate shows the motility zone of the tested strain. The graph shows the diameter of

the motility zones measured from the plates (B). The error bar represents the standard error

of three replicates. Values that are marked with a different letter are significantly different (P <

0.0001, one-way ANOVA).

A B

ME9 ME9-GFP

NB10 NB10-GFP
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Figure 2-5. Activity of (A) caseinase (B) phospholipase (C) gelatinase and (D) hemolysin of

Vibrio splendidus ME9, Vibrio anguillarum NB10 and their GFP-tagged strains. The activity of

the virulence factors is expressed as the ratio of the clear zone (mm) versus the colony

diameter (mm). E: Hemolytic activity as observed in the strains ME9 and ME9-GFP (top left

and right) while NB10 and NB10-GFP (bottom left and right) didn’t show this activity. Results

are expressed as mean ± SE (n = 3). Values that are marked with a different letter are

significantly different (P < 0.0001, one-way ANOVA).

D

BA C

E
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2.3.6 The effect of GFP incorporation on expression of motility-associated

genes

We examined if the insertion of the GFP gene into the selected Vibrio spp. was

associated with altered motility-related gene expression. There was no significant

difference in the expression level of any selected gene between ME9 and ME9-GFP

(P > 0.05), including flagellin-related genes flaA, fleQ and fliR, and chemotaxis-

related gene cheR (Figure 2-6 A). However, as for the strain NB10, the expression

levels of flagellin-related genes flaA and flaE, and chemotaxis-related gene cheR

were significantly down-regulated after GFP labeling (Figure 2-6 B).

cheRfleQflaEflaA

B

cheRfleQfliRflaA

A
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Figure 2-6. Effect of GFP incorporation on gene expression of virulence-associated genes in

Vibrio splendidus ME9 (A) and Vibrio anguillarum NB10 (B). The flagellin-related genes flaA,

fleQ, fliR, and flaE and the chemotaxis-related gene cheR were tested. Error bars represent

the standard error (n = 4) and significant differences between the GFP-tagged strain and its

corresponding parental strain are indicated by *P < 0.05, ****P < 0.0001, Student’s t-test.

2.3.7 The effect of GFP incorporation on bacterial virulence towards blue

mussel larvae

Two-day-old D-larvae were challenged with the GFP-tagged pathogens and their

parental strains, at a concentration of 104, 105 and 106 CFU mL-1. All of the four

strains showed less than 6% mortality at day one (Figure 2-7), but subsequently

ME9 and ME9-GFP showed stronger virulence towards blue mussel larvae than

NB10 and NB10-GFP. ME9-GFP and ME9 caused a high mortality from 48 h

onwards and a mortality of 85% at day four was observed for all concentrations of

these two strains. As for NB10 treatment, a significantly higher larval mortality as

compared to the control treatment was observed at day four except for the lowest

concentration 104 CFU mL-1. Besides, both ME9-GFP and NB10-GFP displayed

similar virulence as their parental strain throughout the observation period (Figure 2-

7).
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Figure 2-7. Survival (%) of Mytilus edulis larvae after one, two, three, and four days post-

challenge with Vibrio splendidus ME9, Vibrio anguillarum NB10 and their GFP-tagged strains

ME9-GFP and NB10-GFP. Three infectious doses (104, 105 and 106 CFU mL-1) were tested in

the M. edulis larvae. Data are expressed as mean ± SE (n = 8). Bars at each time point that

are marked with a different letter are significantly different (P < 0.05, one-way ANOVA).

Day 4Day 3

Day 2Day 1
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2.4 Discussion

In the present study, GFP incorporation did not significantly affect the activities of the

virulence factors studied (caseinase, phospholipase, gelatinase or hemolysin activity)

but it did hamper the swimming motility of both labeled Vibrio strains. Swimming

motility is an important virulence factor for many pathogenic bacteria, including the

family Vibrionaceae (McCarter, 2001; Josenhans and Suerbaum, 2002). During the

initial infection phase, it seems to aid in overcoming repulsive forces between the

bacterial cell and host surfaces and it is thus believed to facilitate attachment of

bacteria to the host (O’Toole et al., 1996; McCarter, 2001). The best known mode of

motility in Vibrionaceae is the one conducted by a specialized rotating organelle, the

flagellum (Josenhans and Suerbaum, 2002). This mode of motility requires various

biological processes such as synthesis of the flagellar components, direction control

of flagellum rotation by chemotaxis, and energy synthesis to provide the power

source for flagellum rotation (Josenhans and Suerbaum, 2002).

Flagella have been described for a long time because of their motility and chemotaxis

properties (Aguero-Rosenfeld et al., 1990; Nachamkin et al., 1993; Wassenaar et al.,

1993; McCarter, 2001; Josenhans and Suerbaum, 2002). Evidence has pointed out

that the bacterial flagella also participate in adhesion, biofilm formation, and

modulation of the host immune system (Duan et al., 2013). Even though the intact

flagellum mediates adherence, it is not sufficient for bacterial invasion of hosts. Other

studies have shown that chemotaxis is also indispensable for the fish pathogen V.

anguillarum NB10 (O’Toole et al., 1996) to invade hosts. By using chemotactic

motility, V. anguillarum NB10 may direct its passage towards and through mucus

whereby components of the mucus act as chemoattractants (O’Toole et al., 1999).

The swimming motility system is encoded by a large number of genes that may also

be involved in virulence. The coordinated regulation between flagellin genes and

virulence has been documented in several cases (Schmitt et al., 1994; Akerley et al.,
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1995; McGee et al., 1996; Duan et al., 2013). The flagellin gene flaA mutant of V.

anguillarum NB10 with truncated flagella led to a decrease in motility and virulence

towards rainbow trout (Oncorhynchus mykiss) (Milton et al., 1996). Also in V.

anguillarum, a mutant in the flagellin gene flaD or flaE (McGee et al., 1996) and a

mutant in the chemotaxis gene cheR (O’Toole et al., 1996) resulted in reduced

virulence towards fish relative to the parental strain. In our study, the mRNA levels of

the genes involved in bacterial swimming motility in NB10, flaA, flaE and cheR, were

significantly down-regulated by GFP incorporation. However, during the four-day

challenge test, the strain NB10-GFP showed almost the same virulence as its

parental strain NB10 towards mussel larvae. The suppression in swimming activity of

NB10-GFP must thus be offset by other factors. Virulence-related factors are not

restricted to chemotaxis and motility. Other factors should also be considered in V.

anguillarum, such as iron sequestration (Naka et al., 2013; Di Lorenzo and Stork,

2015), zinc metalloprotease (Denkin and Nelson, 2004) and the exopolysaccharide

transport system (Croxatto et al., 2007). Accordingly, we suggest that the

determination of the potential fitness effect of GFP incorporation on bacteria should

not be limited to only one physiological trait, such as growth characteristics in vitro,

as is commonly done. Especially for pathogenic Vibrio strains, the virulence of the

Vibrio strain, as the main functional trait, should also be considered in vivo.

As for the strain ME9, the only significant change observed as a consequence of the

GFP gene insertion, was in swimming motility on soft agar (0.2%) plate. There were

no differences in growth and virulence between ME9 and ME9-GFP, which was

considered to be favorable as it indicated that GFP expression and production was

acting as a “neutral” protein with no or little influence on the bacterial physiology. The

reduced swimming motility of ME9-GFP might be caused by the metabolic burden

instead of the mRNA levels of flagellum-related genes changed by GFP incorporation

(Allison and Sattenstall, 2007). Generally, swimming motility is an important virulence

factor for Vibrio spp. (Josenhans and Suerbaum, 2002). Suppressed swimming
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motility in Vibrio could cause a decrease in virulence (Yang and Defoirdt, 2015). In

this study, however, the decreased motility in ME9-GFP didn’t result in a lower

virulence towards mussel larvae, which suggests that, as in V. anguillarum, also in V.

splendidus, other determinants of virulence should also be considered, such as

hemolytic activity (Mateo et al., 2009), outer membrane protein (Duperthuy et al.,

2010, 2011) or metalloprotease (Roux et al., 2007; Liu et al., 2016).

In summary, this study suggests that incorporation of GFP may cause differences in

cell physiology and this may have its implications when GFP-containing strains are

being applied in physiological context. Hence, it is recommended to investigate this

assumption for every specific experimental set-up. Our observations extend the

current knowledge on GFP application and highlight the importance of preliminary

physiological testing of the bacteria when GFP tagging is used to monitor the target

localization, in order to document its possible negative effects. The data presented

here also supported the idea that Vibrio virulence is often intimately regulated by

complex regulatory networks. Based on the result of only one physiological trait,

especially growth or swimming motility, the usability of a GFP-tagged Vibrio strain

should not be refuted when the main focus lays on its virulence.
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Chapter 3

Pathogenesis of experimental vibriosis in blue mussel

(Mytilus edulis) larvae based on accurate positioning of

GFP-tagged Vibrio strains and histopathological and

ultrastructural changes of the host
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Abstract

Bacteria, especially Vibrio spp., are largely responsible for larval diseases in shellfish

aquaculture. Despite the severe impact of bacterial diseases on larval health, only a

few direct studies have characterized the pathogenesis of vibriosis in bivalve larvae.

To clarify the onset and advancement of vibriosis in blue mussel Mytilus edulis larvae,

we identified a new type of pathogenesis of experimental vibriosis in bivalve larvae.

To do so, two known larval pathogens Vibrio splendidus ME9 and Vibrio anguillarum

NB10 were tagged with green fluorescence protein (GFP), and combined with

synchronous histopathological analyses. The GFP-tagged Vibrio strains were first

seen to be filtered by larvae through the velum and then entered into the larval

stomach. Later, they proliferated rapidly in the style sac and digestive glands,

inducing necrosis of the digestive organs in the dorsal region during the first 24 h

post challenge. Necrosis continued with esophagus disruption and velar deformation.

Ultimately, the loss of distinguishable internal structures further disrupted the

associated regulatory functions and rapidly induced larval death. It was confirmed

later by ultrastructural observations that the Vibrio strains grew along the digestive

tract and disrupted the digestive epithelium as a portal of entry. Moreover, we

obtained the first evidence that the microvilli and cilia of the gastrointestinal epithelial

cells were most sensitive to the vibriosis since the earliest disruptions of the larvae

occurred in these positions, as shown by ultrastructural observations. The

progression of the infection pathway as described in this study will facilitate further

research that aims at the analysis of the gastrointestinal morphology after the

introduction of anti-Vibrio therapy in the culture system.
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3.1 Introduction

Bivalve larval mortalities caused by Vibrio spp. have been reported for 60 years

(Guillard, 1959; Tubiash et al., 1965; Elston and Leibovitz, 1980; Lodeiros et al., 1987;

Schulze et al., 2006; Beaz-Hidalgo et al., 2010; Genard et al., 2013; Dubert et al.,

2016 ab, 2017b; Rojas et al., 2016; Ushijima et al., 2018) and the term vibriosis was

proposed to describe the bacterial disease in bivalve larvae and spat associated with

pathogenic Vibrio species (Brown and Losee, 1978; Elston and Leibovitz, 1980;

Elston, 1999). Many efforts were done for better understanding of vibriosis in the

bivalve production process, especially in the early stages of larvae development

(Dubert et al., 2017b). Different studies have reported the response mechanism of

the larval host to vibriosis by means of transcriptomic analysis (Genard et al., 2013;

Bassim et al., 2015). However, the first phase of pathogenic Vibrio spp. causing

disease is the attachment to and colonization of host tissues, and studies focusing on

the pathogenesis of vibriosis are scarce in bivalve larvae.

Colonization routes of vibrios in bivalve larvae were first documented by means of

histological observations (Tubiash et al., 1965; Elston and Leibovitz, 1980).

Subsequently, Sandlund et al. (2007) observed Vibrio pectenicida inside the digestive

area and cells of the mucosa of great scallop Pecten maximus larvae through

immunohistochemical staining. Focal bacterial abscesses in the mantle tissue of

Crassostrea gigas larvae (Elston et al., 2008) and necrosis and vacuolation in the

digestive region of GreenshellTM mussel larvae (Kesarcodi-Watson et al., 2009a)

were later reported by using histopathological analyses. However, disease

progression is a dynamic phenomenon; histological and ultrastructural examinations

are restricted to static destruction and do not allow to distinguish the tested pathogen

from the regular microbiota in the larval tissues. Hence, it is hard to associate the

clinical signs of bacillary necrosis in larvae with the impairment of larval tissues and

cells at the same infection time.
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Green fluorescent tagging is a powerful tool to especially track bacteria without any

other staining or fluorescent probe requirement. Therefore, green fluorescence

protein (GFP)-tagged Vibrio strains were used to demonstrate the dynamic

movement of the pathogen in vivo during infection. Travers et al. (2008) showed that

during the infection process, GFP-tagged Vibrio harveyi mainly colonized the gills

and haemolymph of the moribund abalone Haliotis tuberculata. Recently, the GFP

tagging tool started to be used in bivalve larvae to describe the complete invasion

pathway. Dubert et al. (2016b) reported that pathogenic GFP-tagged Vibrio spp.

reached first the digestive system of ten-day-old Manila clam (Ruditapes

philippinarum) larvae before colonizing the complete animal at the peak of infection.

Nevertheless, because of the tiny size of the bivalve larvae (~ 100 μm in length), it is

impossible to explicitly separate the organs and determine the precise localization of

the lesions under epifluorescence microscope. Hence, the present study is the first to

combine GFP-tagging, histopathological and ultrastructural analyses to clarify

bacterial entrance routes, and to precise localizations and progression of bacillary

necrosis in bivalve larvae. Blue mussel (Mytilus edulis) larvae were chosen for this

study, given its role as model species (Hung et al., 2015), the relative easiness of

handling larvae under laboratory conditions and the experience with this species in

the laboratory. Two known blue mussel pathogenic strains, Vibrio splendidus CAIM

1923 (ME9) and Vibrio anguillarum LMG 32357 (NB10), and their GFP-tagged

strains ME9-GFP and NB10-GFP were used in this study.

3.2 Materials and methods

3.2.1 Bacterial strains and culture conditions

The culture conditions have been described previously in Chapter 2 (c.f. 2.2.1

Bacterial strains and culture conditions). GFP gene insertion was obtained by

conjugation between the rifampicin-resistant strains ME9 and NB10 (recipient) and

the donor Escherichia coli DH5α carrying the suicide plasmid pJBA120 containing
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the genes encoding kanamycin resistance and a pUT mini-Tn5 Km transposon with

the gfp gene (Andersen et al., 1998). Succeeding selection, confirmation and

identification of GFP-tagged strains were performed as described in Chapter 2 (c.f.

2.2.2 DNA transfer and confirmation of GFP-tagged strains).

3.2.2 M. edulis larvae challenge test

3.2.2.1Rearing of blue mussel D-larvae

Broodstock temporary rearing, the spawning, rearing, disinfection of M. edulis larvae

were performed according to Chapter 2 (c.f. 2.2.8.1 Broodstock and 2.2.8.2 Rearing

of blue mussel D-larvae).

3.2.2.2Challenge tests

General design

The first two experiments were conducted in 24-well tissue culture dishes (TCD),

while the third and fourth experiments were done in 1 L Schott bottles. The first

experiment was designed to compare the pathogenicity between the two Vibrio

strains ME9 and NB10, and between the GFP-tagged and non-tagged Vibrio strains

by measuring the survival of mussel larvae. The larvae from the other three

experiments were used respectively to follow up the infection process under phase

contrast microscope and epifluorescence microscope, to carry out histopathological

analyses and to carry out ultrastructural observations making use of the transmission

electron microscope (TEM) technique. Notably, the survival of larvae in each

challenge test was measured, but only the data from experiment 1 are shown here.

The survival in experiment 2-4 was used to check the toxic stability of the tested

strains on mussel larvae.

Each treatment was performed in triplicate. To quantify the microbial load in larvae, at

the onset of each experiment, a subsample of the rinsed larvae gotten from 3.2.2.1
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(about 1000 larvae) was homogenized in triplicate in 100 µL sterile natural sea water,

and then plated on marine agar (MA) (Sigma-Aldrich, Brussels, Belgium). Moreover,

in each experiment, aliquots of 100 µL of the rearing water from each control

treatment were plated on MA and TCBS (Sigma-Aldrich, Brussels, Belgium) once

daily during the four days of challenge test. All the plates were incubated at 18 ℃ for

two days. Only if no growth on any plate was observed, the data were used.

Otherwise, fertilization, larvae rearing and challenge test were repeated.

Experiment 1 and 2

The challenge tests were conducted as described by Hung et al. (2015) and

Eggermont et al. (2017) with modifications. Aliquots of 500 µL of D-larvae were

added into 24-well plates to make sure each well contained approximately 100 larvae.

In experiment 1, the parental strains (ME9 and NB10) and their GFP-tagged strains

(ME9-GFP and NB10-GFP) were respectively inoculated into the rearing water. The

experiment 1 in Chapter 3 is the same set-up as in Chapter 2 but has been repeated

with only one concentration of Vibrio strains. Larvae to which no bacteria were added

were used as controls. All 15 wells contained the same volume of 1 mL of FASW

supplemented with rifampicin (Sigma-Aldrich, Brussels, Belgium) (10 mg L-1), LB35

(0.1% v/v) and one of the four Vibrio strains (106 colony forming unit (CFU) mL-1, but

not the controls), and were divided into 5 treatments with 3 replicate wells per

treatment. The 24-well plate was replicated four times for four days challenge test but

with completely randomized arrangement of each well, and all the plates were

incubated at 18 ℃. At 24, 48, 72, and 96 h post introduction of the pathogens, the

larval morphology was observed using a Nikon SMZ1270 binocular

stereomicroscope and Nikon light eclipse E200 microscope. Mortality was recorded

at each time point. It was assessed by staining the larvae with lugol (5% v/v) whereby

larvae that stained dark were counted as alive, and dead if only parts of the organs

were stained or if shells were totally empty.
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In order to record the whole infection process using GFP labeling, experiment 2 was

conducted in the same way as experiment 1, but with several modifications. The 24-

well plates were divided into 3 treatments with one control treatment (no challenge)

and two treatments of ME9-GFP and NB10-GFP infection. The larvae were

monitored under phase contrast microscope and epifluorescence microscope to

follow up the infection process every 6 h for the first 48 h and every 12 h thereafter

until 96 h (c.f. 3.2.3).

Experiment 3 and 4

The two-day old D-larvae were transferred to sterilized 1-L glass bottles at a density

of 100 larvae mL-1. Each bottle contained 500 mL FASW supplemented with

rifampicin (10 mg L-1) and LB35 (0.1% v/v). In experiment 3, aliquots of ME9-GFP and

NB10-GFP were inoculated into the rearing water at 106 CFU mL-1. Larvae to which

no bacteria were added were used as controls. Approximately 4000 larvae per bottle

were sampled for histological analysis every 6 h for the first 24 h and every 12 h

thereafter until 96 h (c.f. 3.2.4). In experiment 4, only ME9-GFP was used as the

infection bacteria strain because of the same infection routes of ME9-GFP and

NB10-GFP identified in experiment 3. Approximately 50,000 larvae per bottle, either

infected by ME9-GFP or not infected (control treatment), were sampled at 96 h post

challenge for ultrastructural observations (c.f. 3.2.5).

3.2.3 Observation of infection process and clinical signs of infection

The larvae of the control treatment in the 24-well plates were used to distinguish the

autofluorescence of the larvae before monitoring the fluorescence of GFP. After

observing in preliminary tests that no fluorescence lit up before 6 h post-infection, the

larvae infected by ME9-GFP and NB10-GFP were checked every 6 h for the first 48 h

and every 12 h thereafter until 96 h. We prepared 12 plates for 12 time points. So at

each time point, a new batch of larvae was observed instead of following the same

larvae. Firstly, the clinical signs of bacillary necrosis in larvae were observed with an
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inverted microscope (Nikon TMS) in phase contrast. In parallel, the infection progress

was monitored using an epifluorescence microscope (40×) (Zeiss Axioscope 2 Plus,

Germany) with filter FLUO (495 nm). At the point of capturing images for

fluorescence, the larvae were anaesthetized using 15% MgCl2 (Sigma-Aldrich,

Brussels, Belgium).

3.2.4 H&E stained histological analysis

Larval cultures were sampled for histological analysis every 6 h for the first 24 h and

every 12 h thereafter until 96 h. Following Rusk (2012), at each time point

approximately 4000 larvae per bottle were collected from different treatments and

then fixed in Davidson’s fixative for 24 h, separately. After centrifugation at 120 × g

for 2 min, the fixative was removed, and the larvae were stored in 70% ethanol at

4 ℃ and then embedded in heated agar (2%) at 60 ℃. Once the agar cooled to room

temperature, the samples were dehydrated in a series of 80%, 2× 94%, 2× 100%

isopropanol, cleared in two series of xylene and later infiltrated in paraffin wax in a

cassette to create a mounting block. For each block, 200 sections of 3 µm were cut

using a microtome (Microm HM 360 Rotary Microtome, Germany). The sections were

placed into an alcohol bath for easy manipulation before placing them in a gelatin

bath at 48 ℃ while carefully placing a slide underneath to allow the sections to

adhere to the slide. Once the slides were dry, the staining procedure was performed

using a Thermo Scientific Gemini AS Automated Slide Stainer (Thermo Fisher

Scientific, Inc.). The slides were dipped in two series of xylene for 5 min each and

two series of isopropanol for 5 min each, and then rehydrated through a series of

94%, 80%, 70%, and 50% ethanol followed by distilled water. Slides were stained

with haematoxylin and eosin (H&E), rinsed with distilled water, and then dipped in an

ascending series of 50%, 70%, 80% and 94% ethanol, followed by clearing in two

series of isopropanol and two series of xylene. Finally, slides were transferred from

the staining machine into a fume hood and mounted with DPX mountant (BDH, UK).

For each block, approximately 400 larvae were viewed using an Olympus BX61
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microscope at a magnification of 100x10 and images were captured using the

Olympus DP73 camera.

3.2.5 Transmission electron microscopic (TEM) analysis

Approximately 50,000 larvae per bottle, either infected by Vibrio spp. or not infected,

were fixed in Karnovski’s fixative overnight at 4 ℃ for TEM analysis. Subsequently,

the samples were washed with 0.1M cacodylate buffer (pH 7.4), followed by post

fixation in 1% osmium tetroxide for 1 h 30 min and dehydration in the Leica Tissue

Processor (EM TP, type 709202). After polymerization, the specimens were trimmed

with the Leica EM TRIM (S4E, type 702601). First, semi-thin sections (1 μm) were

cut on a Leica Ultramicrotome (EM UC6) and stained with toluidine blue to select the

most suitable areas for ultrathin sectioning. Later, ultrathin sections (± 90 nm) were

made with the Leica Ultramicrotome (EM UC6) using a diamond knife (DIATOME,

ultra 45°; 2.5 mm) and collected on Formvar-coated copper grids (Formvar solution,

EMS). Sections were contrasted with uranyl acetate and lead citrate for 10 min and

examined with the JEM-1400 Plus (JEOL, Benelux). For each bottle, approximately

200 larvae were observed.

3.2.6 Statistical analysis

The survival data of the mussel larvae in experiment 1 were arcsine transformed to

satisfy normality and homoscedasticity requirements. To identify significant

differences between the control and the treatments, the survival data of M. edulis

larvae were subjected to two-way repeated measures ANOVA, followed by

Bonferroni post-test, with Vibrio strains and time as factors. Statistical analyses were

performed using the Statistical Package for the Social Sciences (SPSS) version 25.0

using a significance level of 5%.
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3.3 Results

3.3.1 Survival rate of the mussel larvae infected with Vibrio strains

In order to quantify the microbial load in larvae, an examination of cultivable bacteria

was conducted during each challenge test. After 48 h of incubation at 18 ℃, no

growth of bacteria was observed on any of the plates.

Following a previously developed challenge model (Hung et al., 2015, Eggermont et

al., 2017), healthy two-day-old D-larvae were challenged with the GFP-tagged

pathogens and their parental strains in vivo, at a concentration of 106 CFU mL-1. All

treatments with inoculated strains showed less than 7% mortality at day one, but

significantly higher mortalities from day two onwards when compared with the control

group, which kept less than 8% mortality (P < 0.05) (Figure 3-1). The ME9 species

caused about 5.0-, 4.0-, and 1.5- fold mortality compared to the NB10 species at 48h,

72h, and 96h, respectively. But there was no significant survival difference between

the GFP-tagged strain and the parental strain for the two species. At the end of

challenge test, ME9 and ME9-GFP caused ~90% mortality at day four, while NB10

and NB10-GFP caused ~60% larval death (Figure 3-1).
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Figure 3-1. Experiment 1: Survival (%) of Mytilus edulis larvae after 96 h exposure to Vibrio

splendidus ME9, Vibrio anguillarum NB10 and their GFP tagged strains ME9-GFP and NB10-

GFP (106 CFU mL-1). Data are expressed as mean ± SE (n = 3). Values at each time point

that are marked with a different letter are significantly different (P < 0.05).

3.3.2 Anatomy of D-shaped mussel larval organs

It is of high importance that the anatomy of the larvae is well understood, so that the

sequence in which the internal structures are impaired by the invading Vibrio can be

unraveled.

A healthy velum-stretching blue mussel D-shaped larva observed by light microscopy

is depicted in Figure 3-2 A and indicates the anatomical planes of sections used in

histology. The larva displayed a stretched velum with a smooth contour and abundant

long, gently curved cilia. The developing digestive system consisted of mouth,

esophagus, stomach, style sac, digestive gland, intestine and anus, which were
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partially visible through their transparent shell. Three histological sections cut in

different directions, and different distinguishable organs are shown in Figure 3-2 B-D.

Figure 3-2. Light microscopy observation of a velum-stretching Mytilus edulis D-shaped larva.

Three dimensional animal orientation and planes of sections are indicated. B-D: Three

histological sections cutting from different directions. B: Transverse section with the ventral

end at the top of the image, cutting through the stretched velum with associated cilia and

stomach. C: Frontal section through the anterior adductor muscle, retracted velum,

esophagus and stomach. D: Oblique transverse section of a larva through the velum,

esophagus and stomach. Abbreviations: am: anterior adductor muscle; e: esophagus; i:

intestine; m: mouth; s: stomach; ss: style sac; ve: velum with associated cilia; vrm: velum

retractor muscle.
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3.3.3 Progression of the infection by GFP-tagged Vibrio spp. in mussel larvae

Vibrio-challenged M. edulis larvae were observed by inverted microscopy to examine

the clinical signs and by epifluorescence microscopy to follow the infection process

during experiment 2. The invasion pathway of ME9-GFP (Figure 3-3 F a-h) was quite

similar to that of NB10-GFP and for this reason, the latter is not shown.

The infection started 6 h post challenge (hpc) when a small spot lit up green

fluorescent in the stomach area of the larvae, which indicated that Vibrio spp. were

filtered by mussel larvae through the velum and entered into the stomach through the

esophagus (Figure 3-3 F b). No fluorescence however, was observed before the

bacteria reached the stomach. The fluorescence started becoming brighter in the

stomach from 12 hpc onwards until 24 hpc, illustrating that the bacteria colonized the

digestive system from 6 hpc and proliferated rapidly during the first 24 h of infection

(Phase Ⅰ : the incubation phase) (Figure 3-3 F c-d). However, no clinical signs of

infection were noticed at 24 h. The larvae still showed a normal appearance with

active swimming pattern and stretchable velum with abundant cilia movements.

During the rapid diffusion phase (Phase Ⅱ : 36-48 hpc), GFP-tagged Vibrio spp.

extended to the surrounding organs localized in the ventral region (shell-opening side)

(Figure 3-3 F e-f). The necrosis of digestive organs in the dorsal region (umbo side)

and velum detachment was gradually visualized as the infection was progressing. At

48 h of infection, the larvae showed an abnormal extended nubbin-shaped velum and

disorganized cilia (Figure 3-3 P f), which is in direct contrast to the velum with

smooth contours of the non-infected control larvae. In the meantime, the first signs of

disease were observed under the inverted microscope, characterized by circular or

erratic swimming behavior and the incapability of retracting the extended velum.

From 72 to 96 hpc, the infection entered into the acute mortality phase (Phase Ⅲ). At

72 hpc, GFP-tagged Vibrio spp. only appeared around the velum since all other soft

tissues had been consumed (Figure 3-3 F g). Degradation continued with the loss of
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additional velum mass via the release of velar cells into the surrounding seawater. At

96 hpc, larval death was clearly observed by the loss of distinguishable internal

structures and the presence of an empty, relatively colorless shell.

Notably, the larvae showed different infection phases in the same well and this

asynchronous phenomenon persisted throughout the whole infection process. So for

this paper, the infection phases appearing in the majority of larvae were recorded and

grouped together through time.
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Figure 3-3. The invasion pathway of GFP-tagged Vibrio splendidus ME9 and the

synchronous histological damages in Mytilus edulis larvae: Phase Ⅰ or incubation phase (b:

6 hpc; c: 12 hpc; d: 24 hpc); Phase Ⅱ or rapid diffusion phase (e: 36 hpc; f: 48 hpc); Phase Ⅲ

or acute mortalities phase (g: 72 hpc; h: 96 hpc). The localization of ME9 in larvae was

determined by epifluorescence microscopy (F b-h) and the internal destruction following the

infection process was confirmed by synchronous histological observation of H&E sections (H

b-h). The same larva was observed under phase contrast microscope (P a-h) and

epifluorescence microscope (F a-h). Abbreviations: ci: cilia; e: esophagus; dr: dorsal region; s:

stomach; ss: style sac; ve: velum with associated cilia; vr: ventral region; vrm: velum retractor

muscle.

3.3.4 Synchronous H&E stained histological changes following the infection

process

To confirm the damage on the level of individual organs and cells as a function of

exposure time to the pathogens, histopathological analyses were conducted on both

unchallenged larvae and Vibrio-challenged larvae. At the incubation phase (within the

first 24h), the necrosis of the digestive organs started with the disorganization of cilia

in the stomach at 12 hpc (Figure 3-3 H c). At the rapid diffusion phase (36-48 hpc),

the stomach and style sac were damaged at 36 hpc and from that point onwards it

took 12 h to lose the whole stomach, the digestive glands and even the velum

retractor muscles (Figure 3-3 H e-f). The disfigured cilia in the esophagus were only

observed at 48 hpc (Figure 3-3 H f). At the phase of acute mortality (72-96 hpc),

more impaired organs were expelled from the body (Figure 3-3 H g-h). By 96 hpc,

almost all the organs and soft tissues had been destroyed with only few remnants left

in the shell.
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3.3.5 The impairment of the alimentary tract at cellular level

Next, to confirm the damage by Vibrio spp. on the level of individual organs and cells

of blue mussel larvae, TEM analysis was performed in both ME9-GFP challenged

and not-challenged D-shaped larvae. Since different infection phases were observed

at 96 hpc, from the normal swimming pattern to the empty colorless shell, the mussel

larvae were sampled only at 96 hpc. TEM ultrastructural analysis showed that in the

control group, the morphology of the digestive tract epithelial cells appeared normal,

with intact mitochondria with profuse cristae, brush borders with closely packed

microvilli, long bushy cilia, and intact nucleus, rough endoplasmic reticulum (RER),

and intercellular junctions (Figure 3-4 A-C).

Figure 3-4. Ultrastructure of a healthy Mytilus edulis larva. A: Overview of the larval

ultrastructure. ld: lipid droplet. B: The normal appearance of epithelial cells of esophagus (e),

with intact brush border with closely packed microvilli (mv), long bushy cilia (ci), as well as

intact nucleus (n), intact mitochondrion (m) and intercellular junctions. C: The normal
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morphology of the intact mitochondrion (arrows) with profuse cristae, intact nucleus (n), rough

endoplasmic reticulum (RER), and intercellular junctions.

However, in ME9-GFP challenged D-shaped larva-1, the cilia and microvilli in the

stomach were damaged to a high degree, with near complete lysis of the stomach.

The epithelial cells of the stomach showed different degrees of cell vacuolization and

swollen mitochondria with very few, barely visible cristae in the thin matrix (Figure 3-

5 A-C). Furthermore, the epithelial cells of the esophagus were also damaged with

near complete lysis of the cytoplasmic organelles and several swollen mitochondria

and pyknotic nuclei inside (Figure 3-5 D-G). Interestingly, plenty of lysosomes

accumulated alongside the esophagus (Figure 3-5 D and F). However, less

ultrastructural lesions were observed in the non-digestive cells as compared to the

digestive cells (Figure 3-5 H).

Notably, there were round-shaped bacteria in cross sections observed in the

esophagus of ME9-GFP challenged larva-2, accompanied by the complete

deterioration of the cilia, microvilli and cytoplasmic organelles (Figure 3-6 A-C).

These observed bacteria were assumed to be the Vibrio strain ME9-GFP because of

no cultivable bacteria in vivo conditions.
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Figure 3-5. Ultrastructure of ME9-GFP challenged Mytilus edulis larva-1. A: Overview of the

ultrastructure of a larva with a severe disruption of stomach (s); ld: lipid droplet; B, C: The cilia

(ci) and microvilli (arrows) in the stomach with a high degree of damage, and cell

vacuolisation and swollen mitochondria (m) in the epithelial cells of the stomach; bb: basal

body; rt: ciliary rootlet; D: Cell vacuolisation, nuclear (n) pyknosis, mitochondrial dilation and

ill-defined cell boundaries in the epithelial cells of esophagus (e) and plenty of lysosomes

(arrowheads) accumulating in the epithelial cells; E,F,G: Detailing images of the framed areas

of picture D; E: the swollen mitochondria; F: the accumulating lysosomes; G: the pycnotic

nucleus; H: Detailing image of the framed area of picture A. Less degradation of the nucleus

in non-digestive cells.
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Figure 3-6. Two round-shaped bacteria (arrowheads) in cross section observed in the

esophagus (e) of ME9-GFP challenged larva-2. A: Overview of the ultrastructure of larva-2; B,

C: Severe epithelial damage in esophagus with the pycnotic nuclei (n) and the complete

deterioration of the cilia, microvilli (arrows) and cytoplasmic organelles; ld: lipid droplet.

3.4 Discussion

In the present study, the infection in M. edulis larvae with the GFP-tagged Vibrio spp.

occurred in three phases. During the incubation phase, the colonization in the

stomach observed after 6 hpc may be explained by the fact that the mucus layer is a

major physical barrier to microorganisms and that it takes time for bacteria to

degrade this mucosal barrier at the point of entry (Allam and Espinosa, 2016). The

entrance route of the GFP-tagged strains is supposed to result from the larval filter

feeding nature, characterized by the larval velum capturing food particles (i.e. algae,

bacteria and organic matter (Douillet, 1993)) with its ciliary bands and transferring the
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food from the mouth to the ciliated esophagus towards the stomach (Elston, 1980a;

Gallager, 1988). This invasion pathway was subsequently confirmed by the

histological observations showing disorganized cilia in the stomach at 12 hpc. Our

observation was in agreement with Cabelli and Heffernan (1970), who reported that

the organ where the accumulation of pathogens takes place, was the digestive gland

in Northern quahaug Mercenaria mercenaria. During the rapid diffusion phase, in

addition to evidence provided by epifluorescence observation, the H&E stained

histopathological analysis testified that the Vibrio cells first damaged the stomach

and style sac by 36 hpc and then started to disorganize the cilia in the esophagus by

38 hpc. Moreover, the first signs of disease characterized by circular or erratic

swimming, and the incapability of retracting the extended velum observed at 48 hpc,

are the result of the velum being clumped or disfigured, with disorganized cilia, and of

the complete loss of velum retractor muscles. During the phase of acute mortality, the

progressive disruption of velar tissue and the loss of distinguishable internal

structures further disrupted the associated regulatory functions and rapidly induced

larval death. This was consistent with the previous results reported that in the

advanced vibriosis process, bivalve larvae exhibited nearly complete necrosis of

digestive organs (Tubiash et al., 1965; Elston and Leibovitz, 1980; Mersni-Achour et

al., 2015; Dubert et al., 2016b; Rojas et al., 2016; Kesarcodi-Watson et al., 2009a).

Moreover, the release of velar cells observed in this stage as the velum degraded

was similar with the observation by Ushijima et al. (2018), who found that gross

pathological changes in the velum and cilia occurred in the advanced disease

process of vibriosis in D-hinge stage C. gigas larvae. According to the infection

process observed in our study, the synchronous clinical signs such as abnormal

swimming and the loss of cilia of the velum could only be regarded as the late

symptoms of vibriosis for hatchery, since by the time the larvae showed signs of

infection, complete colonization had already occurred and preventive/curative

measures will hardly be effective.
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This was the first study reporting ultrastructural analysis of blue mussel larvae

affected by vibriosis. TEM ultrastructural observations confirmed the impairment of

the alimentary tract at cellular level. The V. splendidus strain ME9 caused severe

damage on the microvilli and cilia in the digestive tract of larvae, combined with

different degrees of cell vacuolization, nuclear pyknosis, mitochondrial dilation and ill-

defined cell boundaries of the epithelial cells. The pathological erosion of the

epithelium occurred in the gastro-intestine prior to the esophagus in our study, which

was congruent with the results of epifluorescence microscopic and H&E stained

observation. Similarly, Elston and Leibovitz (1980) demonstrated that the erosion of

the digestive tract epithelium was observed in the Vibrio-infected Crassostrea

virginica D-veliger larvae, and the resemblance to normal ultrastructure was only

maintained by the enveloping cell layer. Moreover, the abnormal accumulation of

lysosomes in the epithelial cells of the digestive tract observed in this study

demonstrated the response of lysosomes to the bacterial invasion since lysosomes

have a great importance in host–pathogen interactions, by serving as a major

mechanism for killing intracellular invaders (Lowe and Clarke, 1989; Settembre et al.,

2013; Vural et al., 2016).

Differences in age of bivalve larvae and different pathogens used in the infection

trials may lead to different patterns of lesions. Elston and Leibovitz (1980) described

three types of pathogenesis of experimental vibriosis in C. virginica larvae. In type Ⅰ

pathogenesis, bacteria attached to the larval shell (in all stages) and grew along the

mantle preferentially with progressive disruption of mantle tissue from the periphery

inward. They subsequently infected the visceral cavity and eventually induced larval

death. Additionally, in type Ⅱ pathogenesis, described for early veliger stages, the

disease was characterized first by velar deformation without bacteria invasion of

tissues, and subsequently by complete necrosis of digestive organs and bacterial

colonization within the whole visceral cavity as the disease progressed. In

pathogenesis type Ⅲ , described for late veliger larvae, progressive and extensive
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visceral atrophy was first noted with the shrunken visceral mass occupying only the

dorsal region, followed by the invasion of bacteria characterized by focal lesions in

organs of the digestive tract. By simultaneously using the combination of GFP-

tagging, histopathology and ultrastructural analyses, we were able to identify a new

type of pathogenesis of experimental vibriosis in bivalve larvae. The new type of

pathogenesis reported in the present study was similar with pathogenesis type Ⅱ but

inversely: in our study, although the Vibrio cells also grew along the digestive tract,

the velar abnormalities happened when the soft tissues were already colonized by

the bacteria. Moreover, Dubert et al. (2016b) clarified the infection process of

vibriosis in ten-day-old clam larvae through GFP-tagged Vibrio species. In our study,

not only the GFP-tagging tool, but also synchronous histopathological and

ultrastructural analyses were conducted to have the full picture of what is happening

during the infection process. The infection process observed here was similar to that

of Dubert et al. (2016b), but the bacillary necrosis progression was never reported

before.

In the present study, TEM analysis showed that V. splendidus ME9 cells attached to

the bare cell membrane in the esophagus. This attachment is in agreement with

Oisson et al. (1996), who found V. anguillarum attached to the rectal epithelium of

turbot, Scophthalmus maximus after infection. They also reported that the attachment

of V. anguillarum to the intestine appeared to result from bacterial chemotaxis and its

capacity to penetrate the intestine mucus layer. Mucus is an excellent physical barrier

against microorganisms before they reach the soft tissues (Allam and Espinosa,

2016). O’Toole et al. (1999) demonstrated that the chemotactic response of V.

anguillarum to rainbow trout intestinal mucus is mediated by free amino acids and

carbohydrates in the intestinal mucus. Indeed, in our study, it can be hypothesized

that some chemo-attractants exist in the digestive track of mussel larvae and that the

chemotactic behavior allowed the ME9-GFP strain to get closer to the epithelium,

thereby improving the chance of invading host hemolymph. Further studies should be
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conducted to prove this hypothesis. Moreover, it is necessary to characterize further

bacterial factors required for attachment to and colonization of larval tissues.

During the first hours of invasion, the larvae remained active with normal swimming

behavior and intact velum, even though the bacteria completely occupied the

stomach and caused irreversible damage to the gastrointestinal epithelium. This is

the first observation that the deterioration of microvilli and cilia of the gastrointestinal

epithelial cells occurs at the very start, and strongly suggests that the microvilli and

cilia of the gastrointestinal epithelial cells are most sensitive to vibriosis. Hence,

these indicators may be valuable for future research that aims at the comparison of

the gastrointestinal morphology after the introduction of anti-Vibrio therapy in the

culture system.

In conclusion, this is the first study combining GFP-tagging, histopathological and

ultrastructural analyses to explore in detail the pathogenesis of experimental vibriosis

in bivalve veliger larvae. It showed that bacterial pathogenicity was caused directly by

the ability of V. splendidus and V. anguillarum to attach to the larval digestive tract.

This characteristic allows the bacterial cells to grow along the digestive tract and

disrupt the digestive epithelium as a portal of entry. Further studies are needed to

clarify the mechanisms used by the host for disease prevention, and in reverse those

used by the bacteria to escape from the immune defense mechanism of the host.
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Chapter 4

Dynamic immune response to vibriosis in Pacific oyster

Crassostrea gigas larvae during the infection process as

supported by accurate positioning of GFP-tagged Vibrio strains
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Abstract

As the immune system is not fully developed during the larval stage, hatchery culture

of bivalve larvae is characterized by frequent mass mortality caused by bacterial

pathogens, especially Vibrio spp.. However, the knowledge is limited to the

pathogenesis of vibriosis in oyster larvae, while the immune response to pathogenic

microorganisms in this early life stage is still far from being fully elucidated. In this

study, we combined green fluorescent protein (GFP)-tagging, histological and

transcriptomic analyses to clarify the pathogenesis of experimental vibriosis and the

mechanisms used by the host Pacific oyster Crassostrea gigas larvae to resist

infection. The Vibrio strains first colonized the digestive system and rapidly

proliferated, while only the transcription level of IκB kinase (IKK) and nuclear factor

κB (NF-κB) associated with signaling transduction were up-regulated in oyster at 18 h

post challenge (hpc). The mRNA levels for integrin β-1, peroxinectin, and heat shock

protein 70 (HSP70), which are associated with phagocytosis, cell adhesion and

cytoprotection, were not up-regulated until 30 hpc when the necrosis already

happened in the larval digestive system. This suggested that the immunity in the

early stages of C. gigas is not strong enough to prevent vibriosis and future research

may focus on the strengthening of the gastrointestinal immune ability to defend

against vibriosis in bivalve larvae.
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4.1 Introduction

The Pacific oyster Crassostrea gigas is an important bivalve species with a

worldwide distribution and a 643,549 ton production in 2018, which valued US$1.36

million (FAO, 2020). Bacteria of the genus Vibrio have been frequently documented

as the main causative agent of diseases affecting hatchery-reared oyster larvae. The

predominant species responsible for oyster larvae mortality outbreaks are Vibrio

splendidus, Vibrio anguillarum, Vibrio coralliilyticus, Vibrio pectenicida, Vibrio

tubiashii, and Vibrio aestuarianus (Jeffries, 1982; Estes et al., 2004; Hasegawa and

Ha, 2009; Hasegawa et al., 2009; Saulnier et al., 2010; Kesarcodi-Watson et al.,

2012; Genard et al., 2013; Mersni-Achour et al., 2015; Richards et al., 2015; Dubert

et al., 2017b). Numerous studies have reported approximately the same symptoms of

bacillary necrosis regardless of the Vibrio species, characterized by a rapid onset of

lower larval motility, detached velum, and necrotic soft tissue. However, there is

limited knowledge on the pathogenesis of vibriosis in oyster larvae, while the immune

response to pathogenic microorganisms in early life stages of oysters and even in

marine invertebrates in general is still far from being fully elucidated.

The first phase in vibriosis of bivalve mollusks is attaching to and colonizing host

tissues. In Chapter 3, GFP tagging and histopathological analyses were combined

and elaborated a new bacterial entrance route and the precise localization of

bacillary necrosis in blue mussel larvae (Wang et al., 2021a). As described in

Chapter 1, while mussels appear rather resistant to infections, oysters are the

subject of recurrent mass mortalities at different life stages (Destoumieux-Garzón et

al., 2020). Hence, in this chapter, the same GFP tagging and histopathological

analyses were conducted in C. gigas larvae to determine the possibility of different

infection dynamics between these two bivalve species, hereby challenged with the

same pathogenic strains Vibrio splendidus ME9 and Vibrio anguillarum NB10. Since

it is recommended to investigate the influence of GFP insertion on bacterial fitness

for every specific experimental set-up (Chapter 2), the possible changes of bacterial
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physiological traits caused by GFP insertion were verified when ME9, NB10 and their

GFP-tagged strains were cultured at 23 ℃.

Furthermore, bivalves rely on an innate immunity system, which determines the

immunological capacity of bivalve larvae during the ontogenesis (Luna-González et

al., 2004; Tirapé et al., 2007; Genard et al., 2012, 2013; Balseiro et al., 2013; Bassim

et al., 2015). Hemocytes are responsible for the cellular immune response, and

phagocytosis is regarded as a critical process in the ontogeny of the bivalve immune

system (Lindell et al., 2012; Bachère et al., 2015; Vieira et al., 2017; Wang et al.,

2018). Moreover, various humoral molecules are released into the hemolymph,

accompanied by the phagocytic process. When the infection occurs, pattern

recognition receptors (PRRs) produced by hemocytes firstly recognize and combine

the conserved pathogen-associated molecular patterns (PAMPs) on the surface of

invaders, such as peptidoglycan (PGN), lipopolysaccharides (LPS), lipoteichoic acid

(LTA) and β-1,3-glucans. Then the immune recognition may trigger different signaling

pathways to induce downstream immune responses (Janeway and Medzhitov, 2002;

Takeuchi and Akira, 2010). Previous studies on immune-related gene expression

have indicated that both the cellular and humoral immune system appears to aid C.

gigas larvae in its defense against bacterial infection during the early developmental

stages, with immune recognition, signal transduction, apoptosis and inflammatory

response as main immune protection functions (Tirapé et al., 2007; Thomas-Guyon

et al., 2009; Genard et al., 2013; Song et al., 2016).

Song et al. 2016 suggested that the immune system emerged earlier to aid larvae in

defending against bacterial infection during the early stages of C. gigas larval

development. Moreover, the velum and digestive gland of oyster larvae, as the main

entry point of pathogens, were suggested to be the potential sites of the immune

response (Song et al., 2016). Hence, besides observing the onset and advance of

bacterial infection, it is also of high importance to document how the larval immune

system responds to vibriosis through the infection process. Therefore, in addition to
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the combination of GFP-tagging and histological approach, as explained above, we

also aimed to assess the dynamics of immune-related gene expression in oyster

larvae, thus using a unique set of tools to understand the interaction between host

and bacteria across the entire infection phases. In order to examine the modulation

of immune genes in C. gigas larvae challenged with the pathogen, six immune

related genes were selected. These genes have been documented to participate in

various immune responses in bivalves and shrimp, such as immune elimination

(superoxide dismutase (SOD), heat shock protein 70 (HSP70)) (Gonzalez et al.,

2005; Song et al., 2006), cell adhesion (integrin β-1 and peroxinectin)

(Sritunyalucksana et al., 2001; Liu et al., 2005; Lang et al., 2009; Jia et al., 2015),

and signaling transduction (nuclear factor κB (NF-κB) and IκB kinase (IKK))

(Montagnani et al., 2004; Xiong et al., 2008).

4.2 Materials and Methods

4.2.1 Bacterial strains and culture conditions

The pathogenic strains V. splendidus CAIM 1923 (ME9), V. anguillarum LMG 32357

(NB10) and their GFP-tagged strains ME9-GFP and NB10-GFP were used in this

study. The culture conditions and the GFP gene insertion protocol have been

described previously in Chapter 2 (c.f. 2.2.1 Bacterial strains and culture conditions

and 2.2.2 DNA transfer and confirmation of GFP-tagged strains).

4.2.2 The effect of GFP incorporation on cell physiology of bacteria

4.2.2.1Bacterial growth curve

The bacterial growth was monitored according to Chapter 2 (c.f. 2.2.5 Bacterial

growth curve). Briefly, ME9 and NB10 were grown in LB35 containing 50 μg mL-1

rifampicin (Sigma-Aldrich, Brussels, Belgium) at 23 ℃ on a rotary shaker at 120 rpm

until 0.5 OD at 550 nm. Similarly, their GFP-tagged strains ME9-GFP and NB10-GFP

were grown in LB35 containing 50 μg mL-1 rifampicin and 50 μg mL-1 kanamycin (VWR,
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PA, USA) until 0.5 OD at 550 nm. The culture broth was inoculated (2% v/v) in 600 μL

of LB35 containing 50 μg mL-1 rifampicin (for parents) or 50 μg mL-1 kanamycin and 50

μg mL-1 rifampicin (for transconjugants) in a 24-well plate in quadruplicate. The plate

was then sealed with parafilm and incubated at 23 ℃ on a rotary shaker at 120 rpm.

The growth of bacteria was monitored every 2 h until 48 h by measuring OD of each

well at 550 nm using a microplate reader (Tecan Infinite M200, Männedorf,

Switzerland).

4.2.2.2Virulence factors of the Vibrio strains

For the swimming motility assay, 5 μL of overnight cultured Vibrio strains (OD550=1)

was spotted in the center of LB35 soft agar plates (0.2% agar) (Yang and Defoirdt,

2015). The diameter of the motility zones was measured after 18 h of incubation at

23 ℃. As for the production of the lytic enzymes lipase, phospholipase, caseinase,

gelatinase and hemolysin, for each assay, overnight cultured Vibrio strains were

diluted to an OD550 of 1 and 2 μL of the diluted cultures was spotted in the center of

the test plates (Natrah et al., 2011).

Lipase and phospholipase activity was assessed by adding 1% Tween 80 (Sigma-

Aldrich) or 1% egg yolk emulsion (Sigma-Aldrich) to the LB35 agar plates (1.5% agar),

respectively. The diameter of the opalescent zones was measured after three days of

incubation at 23℃.

The caseinase assay plates were prepared by mixing equal volumes of a 4%

skimmed milk powder suspension (Oxoid, Basingstoke, Hampshire, UK), sterilized at

121 ℃ for 5 min, and autoclaved double strength LB35 agar plates (3% agar). Colony

diameters and clearing zones were measured after three days of incubation at 23 ℃.

Gelatinase assay plates were prepared by mixing 0.5% gelatin (Sigma-Aldrich) with

the LB35 agar plates (1.5% agar). After four days of incubation, a saturated solution of

ammonium sulfate (80%) in distilled water was poured over the plates and after 2 min,

the diameter of the clearing zones around the colonies was measured. Hemolytic
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activity assay was performed by adding 5% defibrinated sheep blood (Oxoid,

Basingstoke, Hampshire, UK) into autoclaved LB35 agar plates (1.5% agar). Colony

diameters and clearing zones were measured after three days of incubation at 23℃.

4.2.3 Gnotobiotic C. gigas larvae challenge test

4.2.3.1Rearing of C. gigas D-veliger larvae

To obtain C. gigas D-veliger larvae, the following protocol was used, as modified from

Langdon (1983) and Hung et al. (2015). Mature Pacific oysters obtained from the

shellfish hatchery of Roem van Yerseke (Yerseke, The Netherlands) were cleaned

under flowing seawater, and then sterilized externally for 30 sec in a bath of 70%

ethanol under a laminar flow. The shells were then washed with a commercial 5%

Betadine solution (diluted 50 % with distilled water) for 5 min before opening them.

The gonads were wiped with 0.5 % hypochlorite solution and incised with a sterile

scalpel, followed by recovering gametes by pipetting. Five mature males and five

mature females were identified and sperm cells and eggs were separated and mixed

in an individual beaker containing 500 mL sterile natural seawater at 23 ℃. A

controlled fertilization was obtained by gently mixing the eggs with an aliquot of

sperm at a ratio of 1:10 in a beaker containing 1 L of filtered autoclaved sea water

(FASW). After the polar bodies appeared in most of the embryos, the embryos were

gently rinsed to remove excess sperm cells, and then transferred to 2 L glass bottles

at a density of 100 eggs mL-1 at 23 ℃ with a mixture of the antibiotics

chloramphenicol, nitrofurazone and enrofloxacin (each at 10 mg L-1). After two days

of incubation, D-veliger larvae were harvested on a sterile 50 µm sieve and washed

gently with FASW at least five times to remove the antibiotics. Rinsed larvae were

transferred to a sterile beaker filled with FASW and the density of larvae was

adjusted to 200 larvae mL-1.
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4.2.3.2General design of the challenge tests

The challenge tests were conducted in 1 L Schott bottles. The first three experiments

had a common set-up and compared the virulence between the two Vibrio strains

ME9 and NB10, and between the GFP-tagged transconjugants and the respective

parent strains by measuring the survival of oyster larvae (experiment 1). The

infection process was followed under the phase contrast microscope and

epifluorescence microscope (experiment 2), and histopathological analysis was

carried out (experiment 3). In the next experiment, the expression of C. gigas

immune-related genes was identified after exposing the larvae to the pathogen

(experiment 4). Each experiment was independent. The survival of larvae in each

experiment was measured, but only the data from experiment 1 are shown here. The

survival in other experiments was used to check if the toxicity of the tested strains

remains stable on oyster larvae.

Each treatment was performed in triplicate. To quantify the microbial load in larvae, at

the onset of each challenge test, a subsample of about 2000 rinsed larvae (c.f. under

4.2.3.1) was homogenized in triplicate in 100 µL sterile sea water, and then plated on

marine agar (MA). Moreover, in each challenge test, aliquots of 100 µL of the rearing

water from each control treatment were plated on MA and TCBS once daily during

the four days of challenge test. All the plates were incubated at 23 ℃ for two days.

Only if no growth on any plate was observed, the data were used. Otherwise, the

challenge test was repeated.

4.2.3.3Experiment 1, 2 and 3

The larvae were transferred to sterilized 1000 mL Schott bottles at a density of 100

larvae mL-1, with 500 mL FASW in each bottle supplemented with LB35 (0.1 % v/v)

and rifampicin (10 mg L-1). The parental strains (ME9 and NB10) and their GFP-

tagged strains (ME9-GFP and NB10-GFP) were respectively added into the rearing

water at 106 cells mL-1. Bottles with larvae to which no bacteria were added served



CHAPTER-4

111

as control treatment. Each treatment had 3 replicates and then the culture was

incubated for four days at 23℃.

In experiment 1, approximately 100 larvae were aseptically collected from a 10 mL

subsample removed from each bottle using a micropipette at 24, 48, 72 and 96 h

post introduction of the pathogens. Clinical signs were observed using a Nikon

eclipse E200 microscope and pictures captured with a Nikon Digital Sight DS-Fi2

camera. Mortality was assessed as well by staining the larvae with lugol (5% v/v).

Dark stained larvae were counted as alive, while the larvae were considered dead if

only parts of the organs were stained or if shells were totally empty.

In experiment 2, in order to follow the whole infection process, approximately 200

larvae were aseptically collected from a 10 mL subsample, which was micropipetted

from every bottle challenged with GFP-tagged strains, every 6 h for the first 36 h and

every 12 h thereafter until 96 h. The larvae were monitored under phase contrast

microscope and epifluorescence microscope to follow up the infection process (c.f.

4.2.4.1).

To match sampling points of experiment 2, the larvae challenged with ME9-GFP and

NB10-GFP in experiment 3 were sampled for histological analysis every 6 h for the

first 36 h and every 12 h thereafter until 96 h (c.f. 4.2.4.2). At each time point,

approximately 4000 larvae were aseptically collected from each bottle.

4.2.3.4Experiment 4

The gene expression of C. gigas immune-related genes after being challenged with

the pathogens was followed up in experiment 4. The larvae were transferred to

sterilized 1000 mL Schott bottles at a density of 100 larvae mL-1. Each bottle

contained 500 mL FASW supplemented with rifampicin (10 mg L-1) and LB35 (0.1 %

v/v). Only ME9-GFP was used for the bacterial challenge at a concentration of 106

cells mL-1 because: the same infection routes for ME9-GFP and NB10-GFP were
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observed during experiment 2; compared to Vibrio anguillarum, more bivalve larvae

diseases are related to Vibrio splendidus (see Table 1-2); the virulence of ME9 is

approximately twice that of NB10; NB10 doesn’t show hemolytic activity but ME9

does. The higher toxicity of ME9 presumably leads to a stronger immune stimulation

than that of NB10, which facilitates the study of the dynamic immune response to

vibriosis in Pacific oyster larvae. Each treatment had 3 replicates and was incubated

for four days at 23 ℃. The larvae, either infected by ME9-GFP or not infected (control

treatment), were sampled every 6 h until 30 h for gene expression analysis (c.f.

4.2.4.3).

4.2.4 Analytical work

4.2.4.1Observation of infection process

The larvae from the control treatment were assessed to distinguish the larval

autofluorescence before monitoring the GFP-fluorescence. Firstly, the clinical signs

of bacillary necrosis in larvae were observed with an inverted microscope (Nikon

TMS) in phase contrast. In parallel, the infection progress was monitored using an

epifluorescence microscope (40×10) (Zeiss Axioscope 2 Plus, Germany) with filter

FLUO (495 nm). At the point of capturing images for fluorescence, the larvae were

anaesthetized using 15% MgCl2.

4.2.4.2H&E stained histological analysis

The H&E stained histological analysis has been described in Chapter 3 (c.f. 3.2.4

H&E stained histological analysis).

4.2.4.3Modulation of immune genes in bacterial challenged larvae

RNA extraction and cDNA synthesis

The larvae for RT-qPCR analyses were harvested, frozen in liquid nitrogen, and

stored at -80 ℃ until analysis. Total RNA was extracted using Qiagen RNeasy Plus
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Mini Kit (Cat No. 74136) according to the manufacturer’s instructions. RNA quality

and quantity were assessed by ND-1000 NanoDrop spectrophotometer

(ThermoFisher Scientific, Belgium). Reverse transcription was done from 1 µg of

RNA samples with the RevertAid H Minus First Strand cDNA Synthesis Kit

(ThermoFisher Scientific, Belgium) according to the manufacturer’s instructions.

Immune-related genes and primers used in the study

Specific primers for gene SOD (Table 4-1) were designed using Primer3PlusTM

(www.primer3plus.com) with predicted product sizes in the range of 120-180 bp. As

for other genes, the primer sequences were collected from previously published

research (Table 4-1). RS18 and RL7, which were previously identified as the most

stable expressed reference genes in Pacific oyster C. gigas, were used for qPCR

normalization (Y. Du et al., 2013).

http://www.primer3plus.com
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Table 4-1. Primers used for reverse transcriptase qPCR of Crassostrea gigas larvae immune-

related genes.

Genesa Gene descriptionb Primer sequences (5’--3’) Reference

RS18 Ribosomal protein S18 F: GCCATCAAGGGTATCGGTAGAC
R: CTGCCTGTTAAGGAACCAGTCAG

(Y. Du et al., 2013)

RL7 Ribosomal protein L7 F: TCCCAAGCCAAGGAAGGTTATGC
R: CAAAGCGTCCAAGGTGTTTCTCAA

SOD The antioxidant enzymesF: TGAAGGCCGTCTGTGTATTGR: TCCATGCTGTCCTGGTGTTA AJ496219c

HSP70 Acute phase proteins F: CCAGTTGAGGATACTCTTGAGTGC
R: ATGTCGATAACGGTCCCTTTCT

(Song et al., 2016)

IKK
Immunity
signaling pathways

F: TCTCACACCCACACACCTATGC
R: AGTAGTTTTCCACCAGGGGATAAG

Rel/NF-κB F: GAAGGCAAAGGGAGGTGATGAG
R: GGTGTGCGGAAGACAATGGC

Integrin β-1

Cell adhesion molecule

F: TCATCTGTGGAGGTCTGAGTCG
R: TGTACATGCAGGGGCTTTTGTC

Peroxinectin F: GCCAAACCTCGCCTACCTTC
R: GTGGAGTTGACGCGTGACATA (Lang et al., 2009)

a: Gene symbols according to NCBI’s Gene Database. b: According to UniProt Database. c:

Locus tag in the Crassostrea gigas genome sequence (GenBank).

Quantitative real-time PCR (RT-qPCR) analysis

Quantitative reverse transcriptase real-time PCR was performed with Maxima®

SYBR Green/ROX qPCR Master Mix (Fisher Scientific, Erembodegem, Belgium).

The amplification was performed in a total volume of 15 µL, containing 7.5 µL of 2×

SYBR green master mix, 4 µL of cDNA (10 ng), and 1.5 µL of each specific primer (4

µM). A master mix was prepared for four biological replicates and two technical

replicates for each sample. The thermal cycling consisted of an initial denaturation at

95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 s, primer

annealing at 60 °C for 30 s and elongation at 72 °C for 30 s. Negative control
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reaction was included for each primer set by omitting template cDNA. Data

acquisition was performed with the StepOne Software v2.3 (Applied Biosystems,

USA). The comparative CT method (2-ΔΔCt method) following Livak and Schmittgen

(2001) was used to analyze the expression level of the target genes.

4.2.5 Statistical analysis

To study the effect of GFP incorporation on the growth of the considered Vibrio

strains, a two-way repeated measures ANOVA was conducted, taking into account

the replicate measurements, and using GFP labeling and time as factors. The effect

of GFP labeling on the activities of virulent determinants was analyzed by one-way

ANOVA, followed by Bonferroni post-test. To identify significant differences between

the control and the treatments, the survival data of C. gigas larvae were subjected to

two-way repeated measures ANOVA, followed by Bonferroni post-test, with Vibrio

strains and time as factors. Results for the gene expression were represented as

fold-changes relative to the geometrical mean of two internal control genes (RS18

and RL7). The expression level in the control group was regarded as 1.0 and the

expression ratio of the oyster larvae challenged by ME9-GFP was expressed in

relation to the control group. To identify significant differences between control and

treatment, the expression of immune-related genes was analyzed by Student’s t-test

using log-transformed 2-ΔΔCt values. The changes in expression between a 0.5 and 2-

fold threshold are often not considered as biologically relevant (Figure 4.5). Statistical

analyses were performed using the Statistical Package for the Social Sciences

(SPSS) version 25.0 using a significance level of 5%.

4.3 Results

4.3.1 The effect of GFP incorporation on bacterial growth and virulence factors

The results showed that there were no differences in the growth of ME9-GFP and

NB10-GFP as compared with their parental strains (P < 0.01, two-way repeated



CHAPTER-4

116

measures ANOVA) (Figure 4-1). Moreover, ME9 displayed a faster growth than

NB10, and this pattern was also true for their respective GFP-tagged strains.

Figure 4-1. Growth of the parental strains Vibrio splendidus ME9, Vibrio anguillarum NB10

and their respective GFP-tagged strains ME9-GFP and NB10-GFP, expressed as increase of

optical density over a 48 h culture period. Data are expressed as mean ± S.E (n=4). Values at

each time point that are marked with a different letter are significantly different (P < 0.01, two-

way repeated measures ANOVA).

The GFP expression was associated with decreased swimming motility of both Vibrio

strains (P < 0.001, one-way ANOVA) (Figure 4-2 A). No significant differences in

activity of the lytic enzymes between the parental strains and their corresponding

GFP-tagged strains were found (Figure 4-2 B-E). The bacteria tested positive for all

virulence factors considered, except for lipase activity since no clearing zone was

observed around colonies in this case (data not shown). Also, hemolytic activity was

only observed in the strains ME9 and ME9-GFP while NB10 and NB10-GFP didn’t

show this activity (Figure 4-2 E).
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Figure 4-2. Activity of (A) swimming motility (B) phospholipase (C) caseinase (D) gelatinase

(E) hemolysin of ME9, NB10 and their GFP-tagged strains. The swimming motility is

expressed as the diameter of the motility zone. The activity of the other virulence factors is

expressed as the ratio of the clear zone (mm) versus the colony diameter (mm). E: Hemolytic

activity was only observed in the strains ME9 and ME9-GFP while NB10 and NB10-GFP

didn’t show this activity. Results are expressed as mean ± S.E (n=3). Values that are marked

with a different letter are significantly different (P < 0.001, one-way ANOVA).

4.3.2 Survival rate of the oyster larvae infected with Vibrio strains

Following the designed challenge model, healthy two-day-old D-veliger larvae were

challenged with the GFP-tagged pathogens and their parental strains in vivo, at a

concentration of 106 colony forming unit (CFU) mL-1. NB10 and NB10-GFP showed
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less than 10% mortality during the first two days, but significantly higher mortalities at

day four as compared with the control treatment (P < 0.05, two-way repeated

measures ANOVA) (Figure 4-3). ME9 and ME9-GFP caused significantly higher

mortalities than NB10 from day two onwards. But there was no significant survival

difference at each time point between the GFP-tagged strain and the respective

parental strain for the two species. At the end of the challenge test, ME9 and ME9-

GFP caused more than 50% mortality at day four, while NB10 and NB10-GFP

caused ~30% larval death (Figure 4-3).

Figure 4-3. Experiment 1: Survival (%) of Crassostrea gigas larvae over 96 h exposure to

Vibrio splendidus ME9, Vibrio anguillarum NB10 and their GFP-tagged strains ME9-GFP and

NB10-GFP (106 CFU mL-1). Data are expressed as mean ± S.E (n=3). Values at each time

point that are marked with a different letter are significantly different (P < 0.01, two-way

repeated measures ANOVA).
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4.3.3 Infection process and synchronous histological changes in oyster larvae

challenged by GFP-tagged Vibrio spp.

The invasion pathway of ME9-GFP was quite similar to that of NB10-GFP and for this

reason, the latter is not shown. Generally, the larvae showed different infection

phases in the same bottle and this asynchronous phenomenon persisted throughout

the whole infection process. So the infection phases appearing in the majority of

larvae were recorded and grouped together through time.

A first spot lit up green fluorescent in the stomach area of the larvae at 6 hpc. This

indicated that Vibrio spp. were filtered by larvae through the velum and entered into

the stomach via the esophagus (Figure 4-4 F a). The fluorescence started becoming

brighter in the stomach from 6 hpc onwards until 24 hpc, illustrating that the bacteria

colonized the digestive system from 6 hpc and proliferated rapidly during the first 24

h of infection (Phase Ⅰ: the incubation phase) (Figure 4-4 F a-d). No clinical signs of

infection were noticed at 24 h. The larvae still showed a normal appearance with an

active swimming pattern and stretchable velum with abundant cilia movements.

However, the histopathological analysis showed that the necrosis of larval tissues

started with disorganized cilia in the stomach at 12 hpc (Figure 4-4 H b) and

continued with the fragmentation of the stomach and digestive glands at 24 hpc

(Figure 4-4 H d).

During the rapid diffusion phase (Phase Ⅱ : 30-48 hpc), the Vibrio strain ME9-GFP

extended to the surrounding organs localized in the ventral region (shell-opening side)

(Figure 4-4 F e-f). Simultaneously, the loss of digestive organs in the dorsal region

(umbo side) and velum detachment was gradually visualized as the infection was

progressing. At 48 h of infection, the larvae showed an abnormal extended velum

with disorganized cilia and destroyed soft organs in the dorsal region (Figure 4-4 P f):

a damaged stomach and style sac at 30 hpc (Figure 4-4 H e) and the loss of the

whole stomach, digestive glands, and velum retractor muscle at 48 hpc (Figure 4-4
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H f). In the meantime, the first signs of disease were observed under the inverted

microscope, characterized by circular or erratic swimming behavior and the

incapability of retracting the extended velum.

From 72 to 96 hpc, the infection entered into the acute mortality phase (Phase Ⅲ). At

72 hpc, degradation continued with the loss of additional velum mass via the release

of velar cells into the surrounding seawater (Figure 4-4 P g). At 96 hpc, larval death

was clearly observed by the loss of distinguishable internal structures and the

presence of an empty, relatively colorless shell (Figure 4-4 P h, 4-4 F h).
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Figure 4-4. The invasion pathway of GFP-tagged Vibrio splendidus ME9 and the

synchronous histological damages in Crassostrea gigas larvae. Phase Ⅰ or incubation phase

(6-24 hpc); Phase Ⅱ or rapid diffusion phase (30-48 hpc); Phase Ⅲ or acute mortality phase

(72-96 hpc). The localization of ME9-GFP in larvae was determined by epifluorescence

microscopy (F a-h) and the internal destruction following the infection process was confirmed

by synchronous histological observation of H&E sections (H a-h). The same larva was

observed under phase contrast microscope (P a-h) and epifluorescence microscope (F a-h).

Abbreviations: am: anterior adductor muscle; ci: cilia; dr: dorsal region; e: esophagus; s:

stomach; ve: velum with associated cilia; vr: ventral region.

4.3.4 The effect of Vibrio infection on expression of oyster immune-associated

genes

Over time, the 6 immune-related genes displayed different patterns. The

transcriptional levels of the signaling transduction-related genes, REL/NF-κB and IKK,

showed the first up-regulation after Vibrio challenge, with 2.5- and 1.4-fold,

respectively, at 18 hpc as compared with the control treatment (P < 0.05, Student’s t-

test) (Figure 4-5). As the infection was progressing, the expression levels of REL/NF-

κB, integrin β-1, peroxinectin and HSP70 were significantly up-regulated at 30 hpc,

namely 2.0-, 2.0-, 5.7- and 2.3-fold, respectively (P < 0.05, Student’s t-test). There

was neither repression nor stimulation in SOD expression in our study.
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Figure 4-5. Temporal mRNA expression patterns of immune-related genes in Crassostrea

gigas larvae challenged with Vibrio splendidus ME9-GFP at 6, 12, 18, 24, and 30 h post

challenge. Data are shown as mean ± S.E (n=3). Asterisks represent significant difference

between the control and the treatment: *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test.

4.4 Discussion

Recently, GFP has been used as a fluorescence marker in pathogenic Vibrio species

to unravel bacterial infection dynamics in bivalve molluscs, shrimps and fish (Travers

et al., 2008; Rekecki et al., 2012; Aboubaker et al., 2013; Vinoj et al., 2014; Dubert et

al., 2016b; Gobi et al., 2016; Girija et al., 2018; Wang et al., 2021a). However, it is

recommended to assess the possible effect of GFP-tagging on bacterial physiology
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for every specific experimental set-up since GFP expression in bacteria may confer a

fitness cost (Rang et al., 2003; Allison and Sattenstall, 2007; Rekecki et al., 2012).

Hence, we compared the bacterial growth, virulence factors, and their virulence

towards C. gigas larvae before and after GFP-tagging at 23 ℃, the suitable

temperature for culturing C. gigas larvae. The results showed that the only change

due to GFP incorporation was the slower swimming motility, but this change didn’t

result in lower bacterial virulence towards C. gigas larvae in vivo. The possible

explanation could be that virulence in pathogenic Vibrio strains is multifactorial

(Busschaert et al., 2015). The associated factors are not restricted to motility but

other factors should also be considered, such as adhesion (Wang and Leung, 2000),

invasion (Croxatto et al., 2007), outer membrane protein (Duperthuy et al., 2010),

and other extracellular enzymes (Denkin and Nelson, 2004; Roux et al., 2007; Mateo

et al., 2009; Liu et al., 2016). Hence, it would appear that the virulence of the strains

ME9 and NB10 remains stable after the incorporation of GFP in our study.

Overall, there are four types of pathogenesis of experimental vibriosis in bivalve

larvae reported by previous studies (Elston and Leibovitz, 1980; Wang et al., 2021a).

By using histological, immunofluorescent, and ultrastructural analyses, Elston and

Leibovitz (1980) described the first three types of pathogenesis of vibriosis in

American oyster C. virginica larvae. In type Ⅰ pathogenesis, pathogenic Vibrio

attaches to the larval shell and grows along the larval mantle causing progressive

disruption of the mantle from the periphery inward. Subsequently, the bacteria infect

the visceral cavity and eventually induce larval death. In type Ⅱ pathogenesis, velar

deformation without Vibrio invasion into tissues is first noted, followed by complete

necrosis of digestive organs and subsequent bacterial colonization within the visceral

cavity as the disease progresses. In pathogenesis type Ⅲ , the vibriosis is

characterized first by progressive and extensive visceral atrophy with shrunken

visceral mass occupying only the dorsal region, and subsequently by the invasion of

bacteria with focal lesions in organs of digestive tract. Wang et al. (2021a) recently
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described a new type of pathogenesis (type Ⅳ) of bivalve vibriosis by simultaneously

using GFP-tagging, histopathology and ultrastructural analyses in blue mussel

(Mytilus edulis) larvae. It was similar to pathogenesis type Ⅱ but occurred inversely:

the pathogenic Vibrio grows along the digestive tract, but the velar abnormalities are

observed after the bacteria colonize the soft tissues.

Our present research identified the same type of pathogenesis of vibriosis in Pacific

oyster C. gigas larvae as reported by Wang et al. (2021a). Following the green

fluorescence, we found that the GFP-tagged ME9 and NB10 strains were filtered

through the velum and then entered into the stomach through the larval esophagus.

Subsequently, by combining histopathological observations, it was clear that the

pathogenic Vibrio proliferated rapidly in the stomach by 6 hpc and from that point

onwards it took 42 h to induced necrosis from larval digestive organs in the dorsal

region to esophagus and velum. From then onwards, the destroyed larval tissues

were expelled from the body. By 96 hpc, almost all soft tissues had been impaired

with only few remnants left in the shell. These results are consistent with previous

studies reporting that in the advanced stage of disease progression, bivalve larvae

exhibited nearly complete necrosis of digestive organs (Tubiash et al., 1965; Elston

and Leibovitz, 1980; Kesarcodi-Watson et al., 2009a; Mersni-Achour et al., 2015;

Dubert et al., 2016b; Rojas et al., 2016).

The digestive system has been frequently reported as an infection pathway of

vibriosis in bivalve larvae. Their attachment ability allows the Vibrio cells to grow

along the digestive tract and destroy the digestive epithelium as a portal of entry

(Elston and Leibovitz, 1980; Sandlund et al., 2007; Dubert et al., 2016b; Wang et al.,

2021a). Among the three types of pathogenesis of vibriosis reported by Elston and

Leibovitz, two types of pathogenesis (type Ⅱ and Ⅲ ) started from the digestive

system (Elston and Leibovitz, 1980). Moreover, Sandlund et al. (2007) observed V.

pectenicida inside the digestive area and mucosal cells of great scallop P. maximus

larvae through immunohistochemical staining. Dubert et al. (2016b) reported that



CHAPTER-4

126

GFP-tagged Vibrio strains were filtered by the larval velum and entered into the

digestive system through the esophagus in Manila clam (Ruditapes philippinarum)

larvae. Interestingly, larval velum, esophagus, stomach and digestive glands were

suggested to be the potential sites of the innate immunity system in bivalve larvae

(Yue et al., 2013a; Song et al., 2016). Many immune molecules, including C-type

lectin, caspase-3, SOD, catalase, lysozyme, and LPS-binding protein and

bactericidal/permeability-increasing protein (LBP/BPI), were located in the digestive

system of D-veliger bivalve larvae (Yue et al., 2013a; Song et al., 2016). Therefore, a

better understanding of the immune response against bacterial challenges, following

the digestive system infection routes of vibriosis in bivalve larvae, appears to be

particularly important.

In the present study, as compared with the unchallenged larvae, only the

transcription levels of IKK and NF-κB that relate to signaling transduction were

significantly up-regulated at 18 hpc. NF-κB is considered as a first responder and

“rapid-acting” messenger to harmful cellular stimuli such as bacterial antigens

(Pateras et al., 2014). The IKK/NF-κB signaling pathway was proven to induce the

expression of immune-related genes in adult C. gigas (Montagnani et al., 2004a; De

Lorgeril et al., 2011; Fleury and Huvet, 2012) and proposed to function in C. gigas

larval development (Song et al., 2016). As the infection was progressing, more

immune-related genes were involved into the defense mechanism. The mRNA levels

for integrin β-1, peroxinectin and HSP70, were significantly up-regulated at 30 hpc

when the stomach and style sac had already been damaged. Cell adhesion is crucial

in the cell-mediated immune response in invertebrates against foreign intruders

(Johansson, 1995). Integrins, a family of cell adhesion molecules, play important

roles in innate cellular immune responses, such as LPS binding activity,

encapsulation and phagocytosis in invertebrates (Huang et al., 2015; Jia et al., 2015).

In oyster C. gigas, integrin β-1, specially located in the velum of D-veliger and umbo

larvae, was reported to mediate the phagocytosis towards V. splendidus with LPS
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binding activity (Song et al., 2016). Another essential cell adhesin molecule in

invertebrates is peroxinectin, which functions in degranulation, encapsulation

enhancement, opsonin and peroxidase (Johansson and Söderhäll, 1989; Kobayashi

et al., 1990; Thörnqvist et al., 1994; Johansson, 1995). Isolated from crayfish

Pacifastacus leniusculus and tiger shrimp Penaeus monodon, peroxinectin has been

reported to have activities of cell adhesion and peroxidase in the presence of β-1,3-

glucans and lipopolysaccharide (LPS) (Johansson and Söderhäll, 1988;

Sritunyalucksana et al., 2001). Moreover, the transcription of peroxinectin was up-

regulated by Vibrio alginolyticus infection in white shrimp Litopenaeus vannamei (Liu

et al., 2005) and by heat shock stress in Pacific oyster C. gigas adults (Lang et al.,

2009). Our study is the first to study peroxinectin in C. gigas larvae, and indicates

that both integrin β-1 and peroxinectin may provide an adhesive/defensive activity in

oyster larvae. Finally, HSP70s were frequently reported as typical stress-responsive

proteins to provide cytoprotection to bivalve adults and larvae (Song et al., 2006;

Genard et al., 2012; Song et al., 2016). The results suggested that that this is also

true for C. gigas larvae.

Bivalve larvae are more sensitive to pathogens since the immune system is not well

developed in early stages of ontogenesis (Tirapé et al., 2007). The immune system

was suggested to be initiated during the trochophore stage of C. gigas larvae, while

the early umbo larvae was the stage with a well-developed immune system (Song et

al., 2016). In the presence of pathogens, the immune response occurred earlier as a

defense against bacterial challenge and all the tested 12 immune genes were up-

regulated significantly in D-veliger larvae of C. gigas after infection (Song et al.,

2016). However, the high mortality observed in our study suggests that the immune

system in C. gigas D-veliger larvae still did not provide efficient defensive activity

after pathogenic Vibrio challenge. The delay in functioning of most of the tested

immune genes may give a reasonable explanation why the pathogenic bacteria are

able to impair tissues before the immune system response.



CHAPTER-4

128

In conclusion, we firstly combined GFP-tagging, histological and transcriptomic

analyses to clarify in detail the pathogenesis of experimental vibriosis, and in reverse

the mechanisms used by the host C. gigas larvae for disease resistance. The

digestive system was verified as the infection pathway of Vibrio strains ME9-GFP

and NB10-GFP in C. gigas larvae. In a hatchery, according to the infection pathway

observed in our study, clinical signs such as abnormal swimming behavior could be

regarded as symptoms synchronous with advanced vibriosis, since by the time the

larvae show signs of infection, complete colonization has already occurred and

curative measures will hardly be effective. Moreover, combining information on the

transcription of immune genes with the infection process may be an essential tool to

provide a better understanding of the response of immune genes to vibriosis. Most of

the mRNA levels for essential immune genes in C. gigas larvae were not up-

regulated until necrosis had already started in the digestive tissues. This suggests

that the immunity in the early stages of C. gigas is not strong enough to prevent

vibriosis, and future research may focus on strengthening of the gastrointestinal

immune ability as a defense against vibriosis in bivalve larvae.
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Chapter 5

Assessing the effect of lectins on
phagocytosis of Vibrio spp. by hemocytes in

Pacific oyster Crassostrea gigas
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Abstract

Bivalve hemocytes play a crucial role in anti-pathogen defense through different

ways, including phagocytic clearance, immunomodulation, enzyme secretion and

even release of extracellular traps. Hemocytes respond via various receptor-ligand

interactions. This interaction is quite complex and if well understood, may allow us to

positively manipulate this process, in order to curb the mortality events currently

being experienced in bivalve hatcheries. To understand the internal cellular defense

system of Pacific oyster Crassostrea gigas, and to determine how its immune system

can be boosted with lectins, which have been described to function as opsonins,

filling the role of antibodies in non-self-recognition, we set up three experiments.

Experiment 1 aimed to identify the hemocyte sub-populations and their phagocytic

properties. Experiment 2 was set to determine if the mannose-binding lectin

concanavalin A (ConA) can boost the immune system of bivalves by increasing

phagocytosis, and Experiment 3 aimed at determining whether the addition of ConA

can increase the survival of C. gigas larvae in vivo after being challenged with Vibrio

splendidus ME9. The results showed that C. gigas hemocytes have 5 distinct cell

types, granulocytes, semi-granulocytes, hyalinocytes, and two prohemocytes, with

granulocytes and semi-granulocytes being the most active phagocytic cells. Although

ConA was binding to the surface of V. splendidus ME9, it had no positive effect on

phagocytosis or larval survival during the challenge test. It appears that ConA has a

low binding affinity to C. gigas hemocytes, considering that possessing lectin

receptors on both the surfaces of bacteria and hemocytes is a necessary pre-

condition for lectin-mediated non-self-identification by hemocytes for phagocytosis to

be stimulated. Therefore, to make further progress, there is a need to determine the

binding affinity of ConA to C. gigas hemocytes and future studies should be carried

out using other types of lectins.



CHAPTER-5

131

5.1 Introduction

Bivalves have natural immunity, with the first line of defense comprised of various

chemico-physical barriers such as the production of mucus, acidity of the gut, and the

occurrence of a hard shell, among a range of defenses that prevent pathogens and

other types of threats from entering the bivalve tissue. The second type of defense is

more specific, and it includes the hemolymph, which has various mechanisms of

actions (Allam and Raftos, 2015b; Al-Khalaifah and Al-Nasser, 2018).

Hemolymph primarily functions via phagocytosis, whereby hemocytes identify, bind,

and engulf antigens, with granulocytes being the main cells involved in the process.

The identification part is crucial as it determines whether the subsequent immune

functions are to proceed. The innate immune systems of invertebrates have been

studied extensively, revealing high levels of specificity and a highly complex interplay

between the host and bacteria, with various pathways for bacterial detection and

removal (Vasta and Wang, 2020; Balbi et al., 2021). These studies have shown that

bacterial attachment to the phagocytic membrane of hemocytes is dependent not

only on physical contact, such as hydrophobic and electrostatic forces, but also on

serum ligands, acting as opsonins, which coat the bacterial surface and promote

phagocytosis. Particularly, lectins have been shown to function as a good opsonin,

fulfilling the role of antibodies in non-self-recognition and thus increasing the

hemolymph rate of phagocytosis, consequently boosting immunity and ultimately

lowering the high mortality rates (Xu et al., 2014; Vasta and Wang, 2020).

Mannose-binding lectin (MBL) belongs to the class of collectins in the C-type

lectin family, whose function appears to be pattern recognition in defense (Jack et al.,

2001). MBL consists of a collagen-like domain and carbohydrate-recognition domain

(CRD). Prominent ligands for MBL are mannose and N-acetyl-glucosamine (GlcNAc).

After recognizing the carbohydrates, MBL activates the associated unique enzymes

that are known as MBL-associated serine proteases (MASPs) to form a MBL–MASPs
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complex, and subsequently activates the complement system and communicates

with phagocytic cells (Fujita, 2002). In vertebrates, MBL has been found to be

associated with MASP1 and MASP2, and a non-protease, small MBL-associated

protein (sMAP, a truncated form of MASP2). MASP2 is the enzyme component that

cleaves the complement components C4 and C2 to form the C3 convertase C4bC2a,

which converts C3 into a variety of products (Gerdol et al, 2018) to mediate various

processes, including inflammation, phagocytosis, chemotaxis, and cell lysis

(Matsushita, 2018; Ricklin et al., 2019). By contrast, MASP1 is able to cleave C3

directly into C3b, which results in activation of the alternative pathway. In bivalves,

genes encoding two highly conserved elements C3 and C2/factor B are readily

identifiable in most bivalve genomes and transcriptomes (Zhang et al., 2014; Gerdol

and Venier, 2015). Their first formal description was provided in the grooved carpet shell,

Ruditapes decussatus (Prado-Álvarez et al., 2009). A C3 protein in C. gigas (CgC3)

was found to be cleaved by a MASP-like protein (CgMASPL-1) after stimulation with

Vibrio splendidus, suggesting a new activation mechanism of C3 in molluscs and the

presence of the primordial lectin pathway in primitive protostomes (Sun et al., 2021).

Several MBLs have been identified in bivalves, such as Pacific oyster Crassostrea

gigas (Unno et al., 2016) and tropical clam Codakia orbicularis (Gourdine and Smith-

Ravin, 2007). However, its effect on the immune ability of bivalves is much less

reported. In this study, we thus firstly characterized the morphology of C. gigas

hemocyte sub-populations. Then we used a mannose-binding lectin concanavalin A

(ConA), the most widely used and well-characterized lectin, to assess whether ConA

could increase the phagocytosis capacity of the hemocytes and hence boost the

defense system of Pacific oyster (C. gigas) larvae to resist Vibrio infection.
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5.2 Materials and Methods

5.2.1 Bacteria

The pathogenic Vibrio splendidus strain CAIM 1923 (ME9) and its GFP-tagged strain

(ME9-GFP) were used in this study. The culture conditions and the GFP gene

insertion protocol have been described previously in Chapter 2 (c.f. 2.2.1 Bacterial

strains and culture conditions and 2.2.2 DNA transfer and confirmation of GFP-

tagged strains).

5.2.2 Oysters

Adult Pacific oysters (C. gigas) obtained from the shellfish hatchery of Roem van

Yerseke (Yerseke, The Netherlands) were transported chilled (polystyrene box with

ice packs) to the Laboratory of Aquaculture & Artemia Reference Center (Ghent

University, Belgium). Upon arrival, the animals were temporarily stocked in a

recirculating seawater system maintained at 12 ℃ with a cooler and fed daily with a

commercial microalgae concentrate (Shellfish Diet 1800®, Reed Company, USA) to

keep them in good condition. 0.03 - 0.06 ml Shellfish Diet per gram of wet meat

weight was manually added in the water. Feces in water were removed by siphoning

before the next feeding, followed by a 10% daily water renewal.

5.2.3 Hemolymph extraction

A sterile 5 mL syringe, sterile 22 gauge needles and anti-coagulant buffer (glucose

20.8 g L-1, sodium citrate 8.0 g L-1, EDTA 3.36 g L-1, sodium chloride 22.5 g L-1) were

pre-cooled at 4 ℃ prior to extraction. Hemolymph was extracted from the adductor

muscle of three oysters and anti-coagulant buffer was added at the ration of 1:1

followed by centrifugation at 338 × g at 4 ℃ for 10 min. Since C. gigas hemocytes

easily clot together in vitro, the pellet was suspended in oyster phosphate buffered

saline medium (oyPBS) when analytical tools required the cells to be distributed in

the suspension liquid individually, such as cell counting, morphological observation,
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and flow cytometry. The medium oyPBS consists of PBS adjusted to 740 mOsmol kg-

1 with NaCl (pH 7.4) (Dantas-Lima et al., 2013). When measuring the phagocytosis

activity of the hemocytes, the pellet was suspended in hemocyte medium (HM) (a

double strength of L-15 medium; Leibovitz; Sigma-Aldrich) supplemented with 10.5%

(v/v) Chen’s salt (Chen and Wang, 1999), 1% penicillin, 50 μg mL-1 gentamyacin, 25

μl L-1 fungizone, and 10% (v/v) foetal calf serum (FCS) (pH 7.4; 740 mOsmol kg-1).

The suspension was kept on ice all through until use. The cell density was counted

using a hemocytometer.

5.2.4 Morphological characterization of hemocytes

5.2.4.1Microscopy of hemocytes in different suspension reagents

As a first step, the behaviour of the hemocytes in both media was checked.

Immediately after the extraction, half the hemocyte pellet was suspended in cold

(4 ℃) 3 mL oyPBS while the other half was suspended in cold (4 ℃) 3 mL HM as

explained above. The behavior of the cells was firstly observed by light microscope

(Nikon Eclipse, E200).

For clear images, the cells were also observed by confocal microscope (Dantas-Lima

et al., 2013). At the moment of sampling, cells were fixed with 4% paraformaldehyde

for 15 min, permeabilized with 0.1% Triton X-100 for 5 min, and stained with Texas

Red-labelled phalloidin (Invitrogen, Life TechnologiesTM) diluted in PBS (4 units mL-1)

for 40 min. For nucleus staining, Hoechst (0.01 mg mL-1) was added 20 min before

the end of this staining. Cells were then washed with PBS and mounted on coated

glass slides with DABCO-coated glycerine base. The glass slides were kept at 4 °C

until viewing. Photos were then taken by confocal microscope (Leica DM 2500,

Germany) at three different wavelength emission channels (Hoechst: 461nm, Red:

615nm, and GFP: 509 nm) from the cell base to its apex.
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5.2.4.2 Flow-cytometer analysis for separating hemocyte sub-populations

Different hemocyte sub-populations/types have their specific functions. Separation

into sub-populations is necessary since not all the hemocytes are able to

phagocytose. The cells suspended in the oyPBS were transferred to 96-well plates

(ice cold) and dead cell staining with 1/200 sytox blue was done before analysis with

a CytoFLEX flow-cytometer (Beckman Coulter’s Life sciences, France) using the 488

nm laser. The flow-cytometer consists of a 37 μm (pore size) filter, a 75 μm (pore size)

orifice and a 0.3 neutral density filter and photomultiplier tube set at 500 V.

Calibration and standardization of the flow cytometer were done in accordance with

the manufacturer’s specifications. Data were processed with the CytExpert software

(Beckman Coulter’s Life Sciences, France). The relative size and granularity

(subcellular complexity) were assessed by forward scatter height (FSC-H) and side

scatter area (SSC-A), respectively. For each sample, at least 10,000 cells were

counted.

5.2.4.3 H&E staining for morphological observation of hemocytes

The cells suspended in oyPBS (c.f. 5.2.4.1) were cytospinned for 5 min at 55 × g

onto glass slides (Cytospin 3, Shandon). After 1-min fixation in methanol, the cells

were stained with hematoxylin and eosin (H&E) (H&E stain kit, Abcam, ab245880) in

the following manner. First, the cells were covered with hematoxylin and incubated

for 20 min at room temperature followed by dipping in distilled water two times to

remove the excessive stain. Thereafter, bluing reagent was applied for 15 s followed

by another 2 times wash in distilled water. After that, the slide was immediately

dipped in absolute ethanol followed by application of eosin, enough to completely

cover the cell surface followed by 20-min incubation. The slides were again rinsed in

absolute ethanol and dehydrated by three successive dips in absolute ethanol. Finally,

the slides were cleared and mounted in synthetic resin and observation was done

under a light microscope (Nikon Eclipse, E200). Pictures were taken by camera
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(Nikon, digital sight, DS-U3) and morphological characteristics, such as shape, size,

and nucleus-cytoplasm ratio, were recorded. For each type of hemocyte, the

diameter and nucleus-cytoplasm ratio (N:C ratio) of 50 cells were measured.

5.2.5 Study of the effect of lectin on the phagocytic activity of hemocytes

5.2.5.1Determining the most actively binding lectin to ME9

The overnight cultured ME9 was centrifuged for 10 min at 1800 × g at 4 °C. The

pellet was then re-suspended in 10 mL Tris-buffered saline (0.13 M NaCl and 10 mM

Tris hydrochloride, pH 7.4) to obtain a final concentration of 108 colony forming unit

(CFU) mL-1. Then 250 µL of the bacterial cells in Tris-buffered saline were transferred

to 2 mL sterile Eppendorf tubes and 1 µL of FITC (fluorescein isothiocyanate)-lectin

(FLK-2100, Vector Laboratories) was added. Based on glycan specificity, 7 different

types of lectins were used and each Eppendorf tube only contained one type of the

lectin (Table 5-1). Among these, ConA is a mannose binding lectin as described

above. Other lectins binding to different carbohydrates were used as comparison with

ConA. The bacterial cell and lectin mixtures were then transferred to 96-well plates

and to facilitate the binding of FITC-lectins to the bacterial cells, the plates were

incubated for 30 min in the dark at room temperature.

The samples were then examined using a CytoFLEX flow cytometer system as

described above. The flow cytometer was calibrated and standardized in line with the

manufacturer's instructions. Volume and green fluorescence were measured at 525

nm (FITC). The green fluorescence channel was used to trigger counts, which were

recorded as logarithmic signals. CytExpert software was used for data analysis

through isolation of the desired events utilizing electrical gaining.
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Table 5-1. Types of lectins used in the study for flow cytometry. (From Kumar et al., 2019)

Lectins Abbreviation Glycan specificity

Mannose binding lectin

Concanavalin A ConA α-Man, α-Glu, α-GalNac

Fucose binding lectin

Ulex europaeus agglutinin I UEA I α-L-Fuc, Fuc, Fuc α1-2 Gal-R

Galactose/N-acetylgalactosamine binding lectin

Wheat germ agglutinin WGA
GacNAcβ1-4GlcNAcβ1-4GlcNAc,

Neu5Ac (sialic acid)

Peanut agglutinin PNA Galβ1-3GalNAcα1-Ser/Thr (T-antigen)

Soya bean agglutinin lectin SBA α-GalNAc, β-GalNAc

Biotinylated Dolichos biflorus agglutinin DBA α-GalNAc

Ricinus communis agglutinin RCA Glc, GalNAc

5.2.5.2Cytotoxicity test of ConA to oyster hemocytes

The hemolymph was extracted and sampled using the procedure discussed above.

Aliquots of 250 µl of hemocytes were incubated at 27 °C with ConA at a

concentration of 40 µg mL-1 for 3 hours. The culture was removed and incubated for

5 min in trypan blue in the ration of 1:1, and cell viability was counted using light

microscope within 10 minutes after incubation, regarding cells stained with blue as

dead cells.

5.2.5.3Preparation of the bacteria

The bacteria suspension of ME9-GFP in LB35 medium that had been cultured using

the process described above (c.f. 2.2.1 Bacterial strains and culture conditions) was

centrifuged for 10 min at 1800 × g at 4 °C. The pellet was then re-suspended in HM

to obtain a final concentration of 108 CFU mL-1 as earlier explained in Chapter 2.

Based on the screening (c.f. 5.2.5.1), ConA was found to be the most actively binding
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lectin to ME9 and was therefore selected for the hemolymph trials. ConA was added

into 1 mL of re-suspended bacteria at a concentration of 40 µg mL-1.

5.2.5.4Exposure of hemocytes to GFP-tagged Vibrio strain

Hemolymph was extracted and sampled using the procedure discussed above. First,

confocal glass was inserted into each well of 24-well plates, and then 250 µL of

hemocytes kept at 4 °C were added to each well, followed by the addition of bacterial

cells with or without ConA to the wells, at a ratio of 1 hemocyte to 100 bacterial cells.

The plate without ConA was regarded as control group. Plates were incubated at

room temperature, and then samples were taken at five different time points (0 min,

30 min, 1 h, 2 h, 3 h). At the moment of sampling, cells were observed by confocal

microscope as described in 5.2.4.1. Viewing and counting of the cells was done by

epifluorescence microscope (63×, with oil, Zeiss Axioscope 2 Plus, Germany) and

photos were taken by confocal microscope using three different wavelength emission

channels (Hoechst: 461 nm, Red: 615 nm, and GFP: 509 nm) from the cell base to

its apex. Phagocytic calculation was then done in the following way (Hégaret et al.,

2003; Wang et al., 2017).

Phagocytic percentage (rate) (PR) =

Phagocytic index (PI) =
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5.2.6 Use of ConA to protect challenged D-larvae of C. gigas

5.2.6.1Rearing and preparation of C. gigas D-larvae

C. gigas D-larvae were obtained as described in Chapter 4 (c.f. 4.2.3.1 Rearing of C.

gigas D-veliger larvae).

5.2.6.2General design of the challenge tests

The larvae were transferred to sterilized 500 mL Schott bottles at a density of 100

larvae mL−1, with 100 mL FASW in each bottle supplemented with LB35 (0.1% v/v)

and rifampicin (Sigma-Aldrich, Brussels, Belgium) (10 mg L−1). The strain ME9-GFP

was exposed to ConA for 30 min before adding into the bottles at a concentration of

2.5, 5.0 and 12.5 mg L-1 for ConA, and 106 CFU mL−1 for ME9-GFP. Bottles with

larvae to which neither bacteria nor ConA were added served as control 1 (negative

control-1). Bottles with larvae to which no bacteria but ConA was added served as

control 2 (negative control-2). Bottles with larvae to which no ConA but bacteria were

added served as control 3 (positive control). The treatments were set as shown in

Table 5-2. Each treatment had 5 replicates and the culture was incubated for four

days at 23℃.

Table 5-2. Experimental set-up of Crassostrea gigas D-larvae challenge test.

Treatments ConA (µg mL-1) Bacteria (CFU mL−1)

Control 1 Absent Absent

Control 2 12.5 Absent

Control 3 Absent 106

Treatment (T-1) 2.5 106

Treatment (T-2) 5.0 106

Treatment (T-3) 12.5 106
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During sampling, approximately 100 larvae were aseptically collected from a 10 mL

subsample removed from each bottle using a micropipette at 24, 48, 72 and 96 h

post- introduction of the pathogens. Mortality was assessed by staining the larvae

with lugol (5% v/v). Dark stained larvae were counted as alive, while the larvae were

considered dead if only parts of the organs were stained or if shells were totally

empty.

5.2.7 Statistical analysis

To study the effect of ConA on the phagocytic activity of hemocytes, a two-way

repeated measures ANOVA was conducted, taking into account the replicate

measurements, and using different concentrations of ConA and time as factors. To

study the possible protective effect of ConA towards challenged C. gigas larvae, a

two-way repeated measures ANOVA was conducted, taking into account the

treatment group and time as factors. Statistical analyses were performed using the

Statistical Package for the Social Sciences (SPSS) version 25.0 using a significance

level of 5%.

5.3 Results

5.3.1 Morphological characterization

5.3.1.1 Hemocytes suspended in two different reagents

The cells suspended in oyPBS were quite detached (Figure 5-1 A) while those in HM

showed reactive behavior and, in most cases, they clotted to each other (Figure 5-1

B). Hence, we used oyPBS for hemocytometer cell density determination, flow

cytometer analysis, and microscopic morphological characterisation, and HM for

phagocytosis determination.
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Figure 5-1. Detached hemocytes suspended in oyPBS (A), clotted hemocytes suspended in

HM (B). Cell F-actin fibres stained with phalloidin-Texas Red (red) and the nucleus stained

with Hoechst (blue). Scale bar: 250 µm.

5.3.1.2 The sub-populations of hemocytes and cell morphology

According to the granularity and cell size, 5 distinct sub-populations were identified

by flow cytometry analysis (Figure 5-2 A). This was confirmed by the results of H&E

staining, where 5 different sub-populations were identified as shown in Figure 5-2 A

and B and Table 5-3. These 5 sub-populations were named according to Dantas-

Lima et al. (2013) and Tuan (2016). Among them, sub-population 1 (Sub 1), the

granulocyte (G), had the highest granularity but the lowest N:C ratio. Sub-population

2 (Sub 2), semi-granulocyte (SG), had several eosinophilic granules but not as much

as in Sub 1. Sub-population 3 (Sub 3), hyalinocyte (HY), had few basophilic granules

with a smaller diameter than Sub 1 and 2. Sub-population 4 (Sub 4), prohemocyte-

like cell-1 (PH-1), possessed just a thin ring of basophilic cytoplasm around the

central nucleus. Sub-population 5 (Sub 5), prohemocyte-like cell-2 (PH-2), had a

similar size as Sub 4 but with very little or completely absent cytoplasm.

BA
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Figure 5-2. (A) Five sub-populations of hemocytes separated by flow cytometry and H&E

staining: granulocytes (G), semi-granulocytes (SG), hyalinocytes (HY) and two different

prohemocyte-like cells showing bigger nucleus-cytoplasm ratio (PH-1) and smaller nucleus-

cytoplasm ratio (PH-2); Flow cytometry results showed 5 distinct sub-populations with 1/200

sytox blue staining recording no dead cells. (B) Morphological features of hemocyte sample

suspended in oyPBS after H&E staining.

Table 5-3. Characteristics of 5 sub-populations of the hemocytes of Crassostrea gigas.

Cell type Shape Granularity Diameter
(µm)a

Nucleus-cytoplasm ratio

Granulocyte Spherical/ova
l

Highest 17.43  2.39 Lowest

Semi-granulocyte Spherical/ova
l

Second highest 18.01  1.07 Second lowest

Hyalinocyte Spherical Few 8.99  1.14 Third lowest

Prohemocyte-like cell-1 Oval Very few 6.87  1.30 Second highest

Prohemocyte-like cell-2 Spherical Lowest or absent 5.09  0.60 Highest

a: Data are expressed as mean ± SE (n = 50).

5.3.2 Concanavalin A: the most actively binding lectin to ME9

The flow cytometry analysis showed that ConA represented by the green

fluorescence was more binding to ME9 cells than any other lectin as it produced the

highest fluorophore count (Figure 5-3). Hence, we decided to proceed with ConA for

the next experiments.
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Figure 5-3. Assessment of the most actively binding lectin to ME9 by flow cytometry. Based

on glycan specificity, seven different types of lectins were used (ConA, PNA, DBA, WGA,

UEA I, SBA, RCA). In the control treatment, no lectins were added. FITC-A/count (A)

demonstrates the binding affinity of lectins to the carbohydrates on the outer surface of ME9.

Different lectins can combine the specific carbohydrates and this converts into the FITC signal,

hence a higher FITC-A value corresponds with higher binding affinity and higher quantities of

carbohydrates on the outer surface of ME9. FSC-A/count (B) shows the size of the bacterial

cells.

5.3.3 Cytotoxicity test of ConA to oyster hemocytes

The percentage cell survival recorded after 3 hours with ConA incubation was shown

in Figure 5-4. No significant difference between two groups demonstrated that ConA

with a concentration of 40 µg mL-1had no cytotoxicity for hemocytes.

A B



CHAPTER-5

145

Figure 5-4. ConA toxicity test on hemocytes. The error bar represents the standard error of

three replicates. Values that are marked with a different letter are significantly different (P <

0.05, Student’s t-test).

5.3.4 Phagocytic activity of the hemocytes with and without ConA addition

First, the most active phagocytic cells were Sub G and SG (Figure 5-5) followed by

Sub HY. Sub PH-1 and PH-2 could rarely phagocytize. From time 0 to 3 h, the

phagocytic rate showed a significant increase at each time point, while the

phagocytic index showed a more gradual, generally non-significant increase over

time (Figure 5-6). However, ConA had neither positive nor negative effect on the

phagocytic activity of the hemocytes in vitro (Figure 5-6).

Figure 5-5. Increase in phagocytosis in Sub 1 and 2 from left to right as time moved from 0

min to 3 h. Cell F-actin fibres stained with phalloidin-Texas Red (red) and the nucleus stained

with Hoechst (blue) and GFP-tagged Vibrio splendidus (green). Scale bar: 10 µm.

0 min 30 min 1 h 2 h 3 h
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Figure 5-6. Phagocytic activity of the hemocytes with and without ConA addition. A:

Phagocytic rate; B: Phagocytic index. The error bar represents the standard error of three

replicates. Bars within each graph that are marked with a different letter are significantly

different (P < 0.05, two-way repeated measures ANOVA).

5.3.5 Effect of ConA on challenged D-larvae of C. gigas

All treatments and controls reported less than 5% mortality on day one. From day two

onwards, massive mortalities of over 70% were reported in all the groups incubated

with V. splendidus ME9 GFP tagged strain, including those that had ConA added,

with no significant difference (P < 0.05) between them. Control 1 and 2, which are the

groups that had no bacteria, had a survival rate of over 97% throughout the

experimental period (Figure 5-7). ConA never had any positive or negative effect on

the larvae throughout the 96 h.

BA
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Figure 5-7. Survival (%) of Crassostrea gigas larvae 96 h post exposure to Vibrio splendidus

ME9 GFP tagged strain. Negative control-1: no bacteria, no ConA; negative control-2: no

bacteria but with ConA (12.5 µg mL-1); positive control: no ConA but with bacteria (106 CFU

mL−1); T-1, T-2 and T-3: with bacteria (106 CFU mL−1), with ConA (2.5, 5.0, 12.5 µg mL-1,

respectively). Data expressed as mean ± SE (n = 5).

5.4 Discussion

Hemocytes generally play an important role in the internal defense system of

bivalves, with their granules possessing molecules to combat foreign particles

(Estrada et al., 2013). Wang et al. (2017), the most recent study on C. gigas

hemocytes, separated hemocytes in this bivalve species into granulocytes, semi-

granulocytes, and agranulocytes based on morphological characteristics. However,

according to the results obtained in our study, C. gigas hemocytes apparently can be

classified into more sub-populations than three. In the present study, granulocytes,

semi-granulocytes, hyalinocytes, and two types of prohemocytes could be

distinguished. Granulocytes and semi-granulocytes were recognized by Wang et al.

(2017) and Cooper (2018) while hyalinocytes belong to the agranulocytes group
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(Canesi and Pruzzo, 2016). The latter have only half the size of granulocytes and

semi-granulocytes (Xian et al., 2021). Two other types were recognized as

prohemocyte-like cells, in agreement with Roulston and Smith (2011) and Dantas-

Lima et al. (2013). These types have also been given different names including

lymphocyte-like hemocytes (Vargas-Albores et al, 2005), small hyalinocytes (Xue et

al, 2001), hemoblasts or small agranulocytes (Anisimova, 2012).

Throughout the literature, the number of identified hemocyte sub-populations and

morphotypes described is mostly dependent on the invertebrate species being

studied and the interpretation of the author (Anisimova, 2012). For instance, three

sub-populations were recognized in some studies on Crassostrea ariakensis,

Scrobicularia plana, M. edulis, and O. edulis (Wootton and Pipe, 2003; Wootton et al.,

2003b; Donaghy et al., 2009), while four sub-populations were distinguished in C.

virginica (Allam et al., 2002; Hégaret et al., 2003; Lau et al., 2017). More new

technologies should be applied in the future to bring more clarity on C. gigas

hemocyte sub-populations, such as separating sub-populations by iodixanol density

gradient centrifugation (Dantas-Lima et al., 2013) instead of the conventional

Percoll® density gradient centrifugation (Söderhäll and Smith, 1983). Also, in order to

make a clear classification of cell types, the outcome of detailed histochemical

studies will be necessary.

Attachment of MBLs on the bacterial surface leads to enhanced phagocytosis

(Kuhlman et al., 1989; Fujita, 2015; Gerdol et al., 2018; Murugaiah et al, 2020; Sun et

al., 2021). In the present study, ConA clearly showed a higher binding affinity to the

gram-negative Vibrio splendidus ME9 than other tested lectins. This agrees with

other studies involving various gram-negative bacterial strains, where ConA bound

more than other lectins, either on the surface of the bacteria or on

exopolysaccharides (Hobmaier et al., 2019; Kumar et al., 2019; Yaghoubi et al.,

2020). Considering that ConA is predominantly α-D-mannose and α-D-glucose

specific (Lau et al., 2017), these results provide valuable information on the
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carbohydrate compositions of the outer surface of ME9. The O-antigen, a

polysaccharide chain composed of repeated units of two to six sugars, protrudes

from the surface of gram-negative bacteria as the outermost portion of

lipopolysaccharide (LPS). The O-antigen has been frequently reported to be utilized

by gram-negative bacteria to evade phagocytosis and to cause disease (Reeves,

1995; Lukacova et al., 2008; Lindell et al., 2012; Robinson, 2019). According to a

study on rainbow trout (Oncorhynchus mykiss), the O-antigen-free transport mutants

were phagocytized by the epithelial cells, and hence could not colonize the skin in

this species (Lindell et al., 2012). Wildschutte et al. (2010) analyzed the structure of

LPS of three V. splendidus strains, LGP32, Med222 and 12B01, which belong to the

same clade as the ME9 strain, and identified genes in the O-antigen responsible for

the assembly of mannose in LGP32 and of glucose in all these three strains, which

are indications for glycan specificity for ConA. However, further studies are highly

needed to verify that ConA is combining indeed with the O-antigen of ME9.

The most active phagocytic hemocytes were granulocytes and semi-granulocytes,

followed by hyalinocytes, just as previous studies have indicated (Xue et al., 2001;

Wootton and Pipe, 2003; Kuchel et al., 2010; Hurtado et al., 2011; Estrada et al.,

2013; Matozzo et al., 2016; Wang et al., 2017). Prohemocyte-like cells could rarely

phagocytose, and this is in parallel with the results of Tuan (2016). Despite the

success in phagocytosis, ConA showed no influence on hemocyte phagocytosis. This

is consistent with the results of Mullainadhan and Renwrantz (1986), who also

observed that ConA did not stimulate phagocytosis in M. edulis hemocytes. These

authors claim that the reason why ConA could not promote phagocytosis, unlike

other lectins that they tested in parallel such as WGA and HPA (Helix pomatia

agglutinin), is because ConA could not bind to the hemocytes but only bound to the

pathogen, and for lectin stimulated phagocytosis to occur, both the hemocytes and

target cells need to bear appropriate lectin receptors. These negative results on the

binding affinity of ConA to M. edulis hemocytes have been confirmed in a more
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recent study by Wootton et al. (2003a). Despite many studies involving ConA use in

hemocyte characterization (Pipe et al., 1997; Bettencourt et al., 2009; Estrada et al.,

2013; Lau et al., 2017), we could not find any study that describes the binding affinity

of ConA to C. gigas hemocytes. Based on the study of Mullainadhan and Renwrantz

(1986), it can be assumed that ConA has a low affinity for binding to C. gigas

hemocytes, and this can be the reason why ConA never influenced phagocytosis in

the present study. This was also confirmed in the review study by Renwrantz (1990).

This aspect of low binding affinity hence does not lead to increased activity of the

mannose and glucose receptors in C. gigas hemocytes.

In other organisms, however, ConA has proven to have an effect on the hemocyte-

mediated immune system. Pipe et al. (1997) observed that ConA could bind to the

hemocytes of M. edulis and even induce hemocyte proliferation, in contrast to

Mullainadhan and Renwrantz (1986). In the mammalian defense system, an area

that has received extensive research, ConA has been shown to cause proliferation of

T-lymphocytes and therefore to increase the chances of survival (Ellsaesser et al.,

1988; Zhong et al., 2010; Wu et al., 2014; Zeng et al., 2021). Also, ConA has been

witnessed to increase the rate of phagocytosis of hemocytes or macrophages,

especially in mice, a widely used research model for medical immunology (Oda et al.,

1982; Schoenberg and Cheng, 1982; Gaziri et al., 1999; Loyola et al., 2002; Moresco

et al., 2002). Some researchers suggested that it probably immobilizes the bacteria

leading to easier phagocytosis (Pruzzo et al., 2005). In each of these cases, ConA

would be expected to protect the larvae also in our experimental set-up and

consequently increase their survival rate. However, the challenge test with C. gigas in

the present study suggests that ConA did none of the above as the mortality of the

groups challenged by the Vibrio strain, with or without ConA, showed no significant

differences.

In conclusion, the results of the present study suggest that the presence of lectin

receptors on the surface of both bacteria and hemocytes is a necessary pre-condition
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for lectin-mediated non-self-identification by hemocytes, and without this,

phagocytosis may not be stimulated. The same mechanism is also expected to

function in vivo, considering C. gigas has been found to possess opsonizing humoral

lectins. Further studies should be carried out using flow-cytometry to determine the

binding affinity of ConA to C. gigas hemocytes. In addition, other types of commercial

lectins such as WGA and HPA mentioned above that can bind to both C. gigas

hemocytes and to Vibrio strains are suggested for further work. However, the most

logical approach would be to use the isolated lectins from C. gigas. This is more

promising, considering the fact that Song et al. (2019), after isolation of

Caenorhabditis elegans-3 (CgCLec-3) lectin in C. gigas, observed that its

recombinant protein CgCLec-3 could bind to LPS, mannose and peptidoglycan, and

increased the phagocytic activity of C. gigas hemocytes. To isolate lectins from

oysters, the coding region of bivalves’ lectin could be amplified by primers. The PCR

products could be ligated to a constructed expression plasmid which is transformed

into E. coli for recombinant expression, followed by purifying the recombinant lectin

by a chelating Sepharose column (Song et al., 2019).
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Chapter 6

General discussion and future perspectives
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6.1 Positioning this research within the context of bivalve aquaculture

Stock enhancement, in both extensive and intensive forms of aquaculture, based on

the capture of natural seed is common practice worldwide. Yet due to natural

fluctuations in recruitment this practice suffers from a lack of reliability. In order to

meet with the seed requirement of the bivalve industry, larviculture under hatchery

conditions is paramount for high value species such as oysters, clams, and scallops.

The production of seed through hatchery propagation accounts for only a small

percentage of the total seed requirement at the present time in Europe, but is likely to

become increasingly important as hatcheries continue to improve their efficiency (e.g.

in relation to disease prevention and control).

In general, pathogenic agents are known to enter hatcheries or nurseries by three

principal routes: the seawater, the broodstock and algal feed stocks (Elston, 1984;

Dubert et al., 2017b). More research is needed to develop interventions to limit

invasion by pathogens. Indiscriminate elimination of all microbiota from the water, live

feed and cultured species is probably not the best management strategy. Indeed,

bacterioplankton organisms are known to provide essential nutrients in aquatic food

webs (Nevejan et al., 2018) and a mature water approach might be preferred over

the use of clear water, involving disinfection, in hatchery conditions (Skjermo et al.,

1997). Hence, a solid microbial management strategy is essential to control

pathogens and to promote the proliferation of beneficial and/or neutral bacteria

during the complete hatchery period.

In this study, we focused on new approaches for a better understanding of the

pathogenesis of vibriosis in bivalve larvae. The use of GFP tagged Vibrio strains with

equal virulence relative to the parental strains (Chapter 2) allowed to document the

infection process of Vibrio spp. in cold water blue mussel (Mytilus edulis) larvae

based on accurate positioning of these tagged strains and on histopathological

changes in vivo under laboratory conditions (Chapter 3). Larvae of another bivalve
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species, namely the warm-water Pacific oyster Crassostrea gigas, were considered

in Chapter 4. Firstly, the research approach as used in Chapter 3 was verified for this

species, considering a possibly different infection pattern. Secondly, we tried to get a

better understanding of the immune-related gene expression of bivalve larvae

against pathogenic Vibrio. Finally, modulating hemocyte-mediated phagocytosis

following Vibrio infection was preliminarily explored as a potential anti-infective

therapy (Chapter 5). In the following sections the outcomes of this study will be

further discussed.

6.2 Colonization preference of Vibrio species

Animal–bacteria association has a long evolutionary history that could go as far back

as to the origins of multi-cellularity (McFall-Ngai et al., 2013). The presence of

complex host-associated microbial communities is a characteristic shared by most

animal species, and the type of interactions that they establish with their host can

range from mutualistic to pathogenic (Fraune and Bosch, 2010). The capacity for

microbes to colonize a host depends on both host and microbial determinants. On

the one hand, healthy metazoans control their microbial environment with physical

and chemical barriers, which shape the assemblage of their associated microbiota

from early stages of development (Bevins and Salzman, 2011). On the other hand,

microbes have evolved strategies to overcome a series of innate immune

mechanisms conserved across metazoans, which control both infections and host-

microbiome homeostasis (Brennan and Gilmore, 2018).

Distinct Vibrio species can colonize diverse tissues in bivalves, depending on their

metabolic requirements, resistance/tolerance mechanisms and specific colonization

determinants (Parizadeh et al., 2018). Pathogenic Vibrio escape from hemocyte

control and colonize bivalve tissue, which becomes as a site of proliferation leading

to fatal bacteremia (Parizadeh et al., 2018). In contrast, hemolymph colonization is

rapidly controlled by hemocytes for Vibrio with weak pathogenicity or non-
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pathogenicity (Rubio et al., 2019). So a key question for predicting and managing

disease is to obtain information on the portal of entry. In other words, if we know

which organs we should focus on at the time infection starts, we also know where we

should reinforce the protection.

There are two main types of infection process of vibriosis in bivalve larvae: either

Vibrio strains grow along the mantle, preferentially with progressive disruption of

mantle tissue and subsequently the visceral cavity, or they directly enter into the

digestive tract because of the larval filter-feeding behavior. The latter way of infection

is more common (Elston and Leibovitz, 1980; Dubert et al., 2016b). In our study, with

two species of Vibrio and two species of bivalve larvae used, we found that in both

Pacific oyster and blue mussel larvae, Vibrio splendidus ME9 and Vibrio anguillarum

NB10 have the same infection process (Chapter 3 and 4), both with the digestive

tract as the preferred channel of colonization.

Both the larval filter-feeding nature and the favorable environment in the larval

digestive tract, created by the presence of chemo-attractants and nutritional sources

existing in the mucus (Davies and Hawkins, 1998; O’Toole et al., 1999), could explain

the infection process of Vibrio spp. in our study (Chapter 3 and 4). The digestive

system of bivalve larvae is constituted of the mouth, esophagus, stomach, style sac,

digestive gland, intestine and anus. The larval velum may capture food with ciliary

bands and transport them to the oral opening of the larvae (Mouëza et al., 1999;

Strathmann et al., 2019; Rosa and Padilla, 2020). The coordination of the beating

cilia of the pre- and post-oral ciliary bands ensures the concentration of food particles

from the water by the ciliary bands, and leads the food from the oral opening to the

esophagus. Particle capture efficiencies for bivalve larvae have been reported to be

maximal for microalgae and particles between 4 and 10 μm in size, with decreased

capture rates for particles less than 4 μm and larger than 10 μm (Bayne, 1983). Even

so, C. gigas larvae still can ingest large quantities of bacteria (0.87 μm × 0.41 μm) in

only 5 min (Douillet, 1993). In addition to the larval filter-feeding nature, the
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chemotactic response of Vibrio cells towards the mucus in the digestive tract could

also determine the infection pattern of Vibrio spp. in bivalve larvae. Even though no

studies about the chemotactic nature of mucus have been reported in bivalves,

similar studies done in fish could be relevant for bivalves as well. Many researchers

reported that mucus from skin, gills and intestine of fish triggers a positive

chemotactic response by different pathogenic strains, and this response may be an

important first step for colonization of the host by the pathogen (Bordas et al., 1998;

O’Toole et al., 1999; Larsen et al, 2001; Klesius et al., 2008). The species V.

anguillarum manifested a stronger chemotactic response towards intestinal mucus

than to skin mucus of rainbow trout (O’Toole et al., 1999). These authors also

reported that the concentrations of free amino acids and carbohydrates, including

those that act as chemoattractants, were found to be considerably lower in skin

mucus than in intestinal mucus. This could provide a possible explanation for the

lower chemotactic activity observed for skin mucus (O’Toole et al., 1999). To verify

whether the mucus determines/influences the digestive tract infection pattern in

bivalve larvae that we observed in this PhD study, the chemotactic response of the

tested Vibrio strains ME9 and NB10 to bivalve mucus should be further studied in the

future, as well as the chemo-attractants existing in the mucus.

However, it is hard to explain why some bacteria grow along the mantle whereas

some choose the digestive tract as the first colonization site as described above.

According to Elston and Leibovitz (1980), Vibrio strain 1031 (species not mentioned)

showed a uniform mantle infection pattern both in early veliger and late veliger of

oyster Crassostrea virginica, whereas Vibrio strain 981 showed a different infection

pattern depending on the larval stage, with velar deformation described for early

veliger stages and visceral atrophy for late veliger larvae. In our study, the different

Vibrio strains ME9 and NB10 showed the same infection process in larvae of the

same age (D-larvae) even though different bivalve species at different temperatures

were used (Chapter 3 and 4). In general, differences in species and age of bivalve
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larvae and different pathogens used in the infection may lead to different patterns of

lesions. As described in Chapter 1 (c.f. section 1.4.1 Adherence and colonization),

both the colonization determinants for pathogenic invaders and the anti-infective

mechanisms displayed by the bivalve hosts determine the infection pattern of Vibrio

spp. and these processes thus need further exploration in the future. Such studies

could include for example investigating the role of lipopolysaccharides (LPS) and

biofilm formation. Since biofilm formation is the key factor for environmental survival

and transmission of many bacteria, it is also important in the colonization of the host

by pathogenic Vibrio spp. (Donlan, 2002). LPS on the other hand are involved in

attachment to host cells at the initiation of infection and provide protection from

complement-mediated killing (Mccallum et al., 1989; Arredondo et al., 1994). Hence it

would be very interesting to check the changes in infection pattern after preventing

the biofilm formation or blocking the LPS of Vibrio spp.

Biofilm formation is often quorum sensing-regulated (Croxatto et al., 2002; Bjelland et

al., 2012; Defoirdt, 2014), a mechanism mediated by signal molecules in which

bacteria coordinate the expression of certain genes in response to their population

density. Many gram negative bacteria use N-acyl-homoserine lactones (AHLs) as

quorum sensing signal molecules. The use of quorum sensing signals blockers

(quorum quenching) to attenuate bacterial biofilm formation and hence pathogenicity,

is therefore highly attractive. It has been successfully tested in different aquaculture

pathogenic bacteria (Christiaen et al., 2014; Torabi Delshad et al., 2018). Five AHL-

degrading bacteria (QQ strains) were able to decrease biofilm formation in Yersinia

ruckeri in vitro and significantly increased survival in rainbow trout Oncorhynchus

mykiss after being infected with Y. ruckeri (Torabi Delshad et al., 2018). Similarly,

Christiaen et al. (2014) reported that the tested QQ bacteria inhibited QS and hence

decreased biofilm formation and virulence in Pseudomonas aeruginosa PAO1.

Blocking the LPS of Vibrio spp. on the other hand could be obtained by designing

knock-out mutants to delete the genes encoding the proteins responsible for the
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biosynthesis of O-antigen polysaccharide, hence to interrupt O-antigen

polysaccharide biosynthesis (Lindell et al., 2012). Carbohydrates-binding lectins

could be another approach to block LPS, for example concanavalin A (ConA), the

lectin used in Chapter 5. ConA binds specifically to mannosyl and glucosyl residues

of polysaccharides and it can interact with bacterial surface LPS with different binding

ability (Shen et al., 2007; Baintner et al., 2011). The LPS-blocking activity of

Concanavalin A (ConA) holds the potential for targeted gram-negative antimicrobial

photodynamic therapy (Cantelli et al., 2020). Besides, Suberites domuncula lectin

could bind specifically the LPS of gram-negative bacteria hence has an antibacterial

activity (Gardères et al., 2015). Similarly, Caenorhabditis elegans-3 (CgCLec-3), a C-

type lectin isolated from C. gigas, could also bind to LPS (Song et al., 2019).

However, since O-antigens exhibit high diversity in basic composition and shape

among species (Wildschutte et al., 2010), the selection of lectins has to consider the

carbohydrates-binding specificity.

6.3 A new approach to study Vibrio-host interactions in bivalve larvae

For a better understanding of the interactions between the host and the tested Vibrio

strains, we applied a gnotobiotic system to circumvent the variable influence of the

natural microbiota. The highly controlled immersion challenge model for M. edulis

and C. gigas larvae used in this thesis was based on the model developed by Hung

et al. (2015) and Eggermont et al. (2017). Due to the fragility of the fertilized bivalve

eggs it was not possible to chemically disinfect the eggs with glutaraldehyde (as used

to sterilize cod and seabass eggs) (Forberg et al., 2012) or with hydrogen peroxide

(used in Nile tilapia) (Situmorang et al., 2014). To reach as much as possible

axenicity, the fertilized eggs were incubated in an antibiotic mixture until they had

developed into D-larvae. During the challenge tests performed in Chapter 3 and 4,

we relied on antibiotics (rifampicin 10 mg L-1) to maintain gnotobiotic conditions. This

method may not guarantee total axenicity of the bivalve larvae, but at least no

cultivable bacteria exist in the culturing system. Most importantly, the antibiotics used
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here didn’t harm the developing embryo and larvae because a good survival, normal

swimming pattern, and normal shell morphology were observed in the control

treatment.

However, evaluation of the virulence of bacteria using axenic challenges neglects the

possible influence of other microbiota and the complicated interactions between

bacteria mutually and between bacteria and their host (De Schryver and Vadstein,

2014). The microbiota present in conventional animals can affect the nutritional

requirements, physiology, metabolism and anatomy of the host, as well as suppress

the establishment of some pathogens and exacerbate the effect of others (Miyakawa

et al., 1971). Hence, the manipulation of the biodiversity of the gut microbiota, as in

gnobotiotic systems, thus influence the resistance ability of the host against

pathogenic invasion and infection (De Schryver and Vadstein, 2014). Although there

is a lack of knowledge about which specific microbes may benefit or harm the host, it

has been shown that a high share of opportunistic and fast-growing microbes is

generally negative for its performance (Vadstein et al., 2004). In contrast, mature

microbial communities with increased microbial diversity and stability and a reduced

fraction of opportunists may increase host performance, such as demonstrated for

survival of cod larvae (Attramadal et al., 2014). It is unknown to what extent the

immune defense system in bivalve larvae is underdeveloped or more developed in a

germ-free system compared with conventional animals. Hence, it is important to

verify the findings from gnotobiotic systems under normal culture conditions in future

research.

The recent development of specific-pathogen-free (SPF) C. gigas constitutes an

important step forward towards investigating natural infection mechanisms with a

stationary microbial community (Le Roux, 2016). SPF oysters are hatchery-produced

descendants of a defined pool of genitors that are raised under pathogen-free

conditions (Petton et al., 2013). SPF oysters have low Vibrio load, and are free of

detectable Ostreid herpes virus (OsHV-1) but not axenic. They allow experimental
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infections under near-natural conditions, excluding the potential confounding effect of

prior infections by unknown environmental pathogens. They can be used in the

natural environment as sentinels to monitor the mortality rates during a disease

outbreak. Infected animals (donors) can also be incubated with SPF oysters

(recipients) to investigate in detail the dynamics of infection. This links the natural

infection process experienced in the field to controllable yet realistic laboratory

experiments. The standardized SPF oysters hence can be a good model to

determine virulence mechanisms across populations or strains of infecting Vibrio spp.

(Le Roux, 2016).

To explore in detail the Vibrio-host interactions, namely the pathogenesis of

experimental infection by Vibrio and the immune response in bivalve veliger larvae, a

new combination of observation techniques was designed in this PhD research. The

technique includes GFP tagging, histological observation and ultrastructural

examination. There are two reasons to choose veliger larvae: they represent the

easiest way to obtain axenic oysters as much as possible required for the gnotobiotic

system as described above; and the highest frequency of vibriosis can be found in

cultures of veliger larvae because they have the weakest immune system. First, the

effects of GFP tagging on the physiological traits of the tested vibrios were verified in

Chapter 2 and this tagging allowed recording a dynamic disease progression as

described in Chapter 3 and 4. Even though the growth and/or swimming motility of

the tested vibrios were negatively impacted by GFP tagging in vitro, their virulence

remained stable in vivo, largely because virulence determinants are regulated by a

complex system. Virulence-related factors are not restricted to chemotaxis and

motility. Other factors should also be considered, such as iron sequestration (Naka et

al. 2013; Di Lorenzo and Stork 2015), metalloprotease (Denkin and Nelson 2004)

and outer membrane protein (Duperthuy et al. 2010, 2011) (Chapter 2). These

negative influences didn’t impede the application of GFP-tagged Vibrio strains in this

study since their virulence kept stable during the disease progression. Histological
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and ultrastructural examinations were then conducted to associate the location of

GFP-tagged pathogens and clinical signs of bacillary necrosis in larvae with the

impairment of larval tissues and cells at the same infection time (Chapter 3 and 4).

By simultaneously using a combination of tools, we were able to identify a new type

of infection pattern of experimental vibriosis in bivalve larvae. The Vibrio cells firstly

attached to the larval digestive tract and disrupted the digestive epithelium as a portal

of entry. The microvilli and cilia of the gastrointestinal epithelial cells were the earliest

disruption positions. Later, the Vibrio cells proliferated rapidly in the style sac and

digestive glands, inducing necrosis of the digestive organs in the dorsal region during

the first 24 h post challenge. Necrosis continued with esophagus disruption and velar

deformation. Ultimately, the loss of distinguishable internal structures further

disrupted the associated regulatory functions and rapidly induced larval death.

Besides the adverse effects of Vibrio infection on bivalve hosts, the immune

activation of the host was also assessed for oyster larvae as described in Chapter 4.

However, most of the mRNA levels for essential immune genes in C. gigas larvae

were not up-regulated until necrosis had already started in the digestive tissues. This

could be an important indication that the immunity in the early stages of bivalve

larvae is not strong enough to prevent vibriosis.

This approach thus gives fast understanding of the first colonization sites of

pathogenic bacteria and the subsequent infection process of bacillary necrosis, and

can be used not only in bivalve larvae, but also in the larvae of other aquatic animals,

whose small sizes make it difficult to locate the bacterial infection routes in vivo but

also hinder histopathological analysis. The knowledge on the infection routes and

histopathological changes allows to indicate where protective measures should be

reinforced and hence can help to understand and control diseases. But this study is

unable to exclude the possibility that the clinical signs of the larvae could be due to

an impaired water quality as a result of the pathogenic bacterial growth. A non-

pathogenic Vibrio strain is highly needed to verify this hypothesis in the future.
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Actually, the hardest part of this approach is the operational process of histological

observation and identification of the organs in histological sections. Specifically,

because one paraffin embedded tissue block contains approximately 4000 larvae, it

is impossible to cut the samples along the animal orientations needed. Hence a

correct identification of the three dimensional animal orientation is definitely the first

thing to do. To achieve this, identification of the organs in histological sections has to

be accurate. However, the available literature has limited information about

histological sections of bivalve larvae, and even a wrong definition of the anatomical

planes of sections used in histology has been published, such as transverse, frontal

and oblique transverse section. For a better understanding, three-dimensional (3D)

reconstruction tools were used in this research to study the anatomy of larval organs.

The 3D model was built using a whole larva (~ 60 μm in length), cut into 12 pieces of

sections (5 μm), and this provided the preliminary localization of the organs. With the

help of this 3D model, anatomical planes of sections as used in histology were easier

identified (as shown in Chapter 3). However, with only 12 pieces of sections, the 3D

model was unable to give a complete and clear reconstruction of the larva, hence

semi-thin sections (1 μm of thickness) are highly recommended for a new 3D model,

as about 60 pieces of semi-thin sections may give more details in the model.

Moreover, in order to improve histological observations, the fixation process was

optimized. Decalcification has been suggested by Rusk (2012) to remove the shell of

the larvae. However, we found the shell of two-day-old D-larvae to be very soft, and

hence decalcification was not needed here, which is an interesting recommendation

for future work, as this has not been reported in literature before.

6.4 The complex interactions of Vibrio bacteria, the environment and host

factors in mass mortality outbreaks of bivalve larvae

A key question for predicting and managing disease is whether Vibrio associations

with bivalves result from specific (genome-encoded) abilities to colonize these animal

species, and how much they depend on environmental constraints (Destoumieux-
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Garzón et al., 2020). A series of genetic determinants favoring bivalve colonization

and disease expression has been identified in Vibrio pathogens so far, as described

in Chapter 1 (Duperthuy et al., 2011; Rubio et al., 2019). Among environmental

factors, temperature is known to significantly affect the virulence of Vibrio associated

with bivalves (Alfaro et al., 2019). In fact, Vibrio species are strongly thermo-

dependent and many species thrive in warm water having a temperature exceeding

17°C (Stauder et al., 2010). The threat posed by Vibrio pathogens to the shellfish

industry can thus be exacerbated by the impact of climate change, in particular sea

surface warming, on their global spread (Vezzulli et al., 2016).

Combining the results related to virulence factors in strains ME9 and NB10 at 18°C in

Chapter 2 and 3, and at 23°C in Chapter 4, we can conclude that temperature is

closely related to the expression of virulence factors in the in vitro trials performed.

Compared to 18°C, the high temperature (23°C) gave a faster bacterial growth but

caused a decrease in swimming motility and decreased activity of phospholipase,

gelatinase and caseinase in both ME9 and NB10. This may be explained by the fact

that both Vibrio strains ME9 and NB10 were isolated from cold water species (blue

mussel M.edulis and rainbow trout O. mykiss respectively). This observation is

consistent with previous studies reporting that temperature regulated virulence

factors may play an important role in the epidemiology of vibriosis (Travers et al.,

2009). Colquhoun and Sorum (2001) reported that Vibrio salmonicida, the causative

agent of cold water vibriosis, produces higher quantities of the significant virulence

factor siderophore at 10°C or below than at its optimal cell growth temperature of

12°C. In this regard, it is important to explore in future research the optimum

temperature for Vibrio strains ME9 and NB10. In addition, it is necessary to

understand which virulence factors are responsible for their virulence and how

temperature regulates these factors. Manipulation of ambient temperature can thus

be considered as a possible tool to control infectious diseases in bivalve larvae. High

temperature waters are prone to bacterial outbreaks, while using lower temperatures
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reduces the risk of bacterial contamination and mortality outbreaks during larval

culture (Joaquim et al., 2008). While Venerupis corrugata grows fastest at 26 ℃

(Camacho et al. 1977), rearing protocols advise to grow the larvae at lower

temperatures between 18-20 ℃ , because of more frequent disease outbreaks at

higher temperatures (Cerviño-Otero, 2011; Joaquim et al., 2016). Similarly,

Kamermans et al. (2013) reported increased risk of infection by opportunistic bacteria,

particularly of the genus Vibrio, when M. edulis and M. galloprovincialis larvae were

grown above the optimal temperature of 17 ℃ and 18 ℃ respectively. Moreover,

temperature control is also applied as a tool to control disease outbreak in cupped

oysters spat Crassostrea gigas, caused by the oyster herpes virus. The temperature

of spat tanks is kept below 16 ℃ to avoid activation of the virus, resulting in slower

growth but excellent survival (personal communication, Roem van Yerseke).

When focusing on genetic determinants rather than environmental factors, the Vibrio

strain NB10 in our study had higher activity of phospholipase, gelatinase and

caseinase, but caused less mortality in both mussel and oyster larvae, as compared

with the strain ME9. Interestingly, hemolytic activity was only observed in the strain

ME9 but not in NB10. As discussed in Chapter 1, with hemolytic, cytotoxic,

cardiotoxic and enterotoxic activities (Hiyoshi et al., 2010), hemolysin is the major

widely distributed toxin among the known causative agents of larval vibriosis in

bivalves (Kothary, et al., 2001; Le Roux et al., 2009; Spinard et al., 2015, 2016). In

this regard, it will be interesting to study the potential toxicity of Vibrio strains ME9

and NB10 for bivalve hemocytes and to verify the role of hemolysin in their virulence.

The former could be conducted by comparing the damage levels of these two strains

on the hemocytes in vitro. The latter could be achieved by designing knock-out

mutants of hemolysin-coding genes that is incapable of producing hemolysin.

Expression of Vibrio diseases also depends on host factors, essentially host genetic

characteristics that may be different between species. Comparative studies have

been done to identify the different sensitivity to Vibrio infection exhibited by mussels
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and oysters (Balbi et al., 2013; Pezzati et al., 2015; Vezzulli et al., 2018;

Destoumieux-Garzón et al., 2020). While oyster adults are the subject of recurrent

mass mortalities, mussel adults are commonly considered to be particularly resistant

to microbial infections (Pruzzo et al., 2005; Balbi et al., 2013; Destoumieux-Garzón et

al., 2020). The differences in immune effectors that could contribute to the higher

resistance of mussels to infections was summarized and discussed by Destoumieux-

Garzón et al. (2020) as follows. Vibrio tasmaniensis LGP32 is readily phagocytized

by both adult oyster and mussel hemocytes, but their entry pathways and virulence

differ. Opsonisation by the major plasma protein Cg-EcSOD is required in oysters, in

which it mediates uptake by the hemocytes through β-integrin recognition (Duperthuy

et al., 2011). In mussels, LGP32 is rapidly phagocytized by the hemocytes, without

requiring opsonization by plasma components, and it elicits the release of hemocyte

antibacterial effectors (Balbi et al., 2013). Hemocyte lysis dampens cellular defenses

and is associated with pathogenicity in oysters only, while the hemocytes show less

damage in mussel and respond to LGP32 infection by the release of antimicrobial

peptides in the plasma. As for another strain, Vibrio aestuarianus 01/032, it secretes

extracellular products that inhibit phagocytosis by oyster hemocytes and enable

bacterial proliferation (Labreuche et al., 2006b). In contrast, in mussels, the plasma

extrapallial-like protein recognizes 01/032 and promotes its phagocytosis; 01/032 is

then degraded intracellularly (Pezzati et al., 2015).

However, in our study opposite results were obtained in Pacific oyster and blue

mussel larvae, with oyster larvae showing higher resistance against infection than

mussel larvae. ME9 has been originally isolated from blue mussel (Eggermont et al.,

2017), so mussel larvae could be more sensitive to this endogenous bacterium than

oysters. The low temperature facilitates the expression of virulence factors of ME9

and NB10, which could also explain the stronger virulence in blue mussel larvae. As

for larvae of blue mussel and Pacific oyster, little literature is available on the

comparison of their immune defense system. It has been reported that the
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hemocytes might appear during the gastrula-trochophore stage of Pacific oyster C.

gigas (Tirapé et al., 2007), which is earlier than in other oyster species O. edulis and

C. virginica, in which they appear at about 24 hpf (D-shaped larvae) (Yonge, 1926;

Silverstein, 1995; Elston, 1980c). The early occurrence of hemocytes in C. gigas

might explain the strong resistance against infection in larvae. There is no information

about the occurrence time of hemocytes in M. eduis, but only in mussel Mytilus

galloprovincialis, the trochophore (24 hpf) and veliger larvae (72 hpf) were reported

to possess the ability to phagocytose foreign particles (Escherichia coli and zymosan)

(Balseiro et al., 2013). Apparently, different species in the same genus may have

different immune system ontogenesis (see the above example of C. gigas and C.

virginica). Accordingly, the immune system ontogenesis could be different in M. eduis

larvae and C. gigas larvae, which may also explain the different disease resistance of

these two bivalve species. Furthermore, the different defence mechanisms, clarified

above between mussel and oyster adults (Pruzzo et al., 2005; Balbi et al., 2013;

Destoumieux-Garzón et al., 2020) gave a good example to deeply understand the

disease resistance disparity between M. eduis larvae and C. gigas larvae. To be

precise, the lethal factors of V. splendidus ME9 and V. anguillarum NB10 should be

firstly dertermined, followed by the differences in immune effectors contributing to the

higher resistance of C. gigas larvae to infections.

6.5 Strategies to control bacterial diseases in bivalve larvae cultivation

There is an urgent need to develop effective strategies to manage and control

(bacterial) diseases in aquaculture, including in the culture of bivalves. Besides the

awareness that we must use antimicrobial agents rationally and only when necessary

(Guardabassi and Kruse, 2008), we need to invest in alternatives (Defoirdt et al.,

2011). According to the results in this PhD study, there are two targets on which we

can focus to control bacterial disease in aquaculture: discover the first damaged

tissue during the infection process and enhance host defense. In this section, both of
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the targets will be discussed in relation to the achievements of our study, which focus

on the culture of bivalve larvae.

6.5.1 The infection process

Rapid and preferential colonization of the larval digestive tract by pathogenic Vibrio

strains is an important factor to consider when establishing preventive protocols

against vibriosis, and to guarantee the success of the larval cultures. Vibrio strains

grow along the digestive tract and disrupt the digestive epithelium as a portal of entry,

as we observed in both blue mussel and Pacific oyster larvae in Chapter 3 and 4.

These results may be valuable for future research that aims at the comparison of the

gastrointestinal morphology after the introduction of anti-Vibrio therapy in the culture

system. The local intestinal immunity is a significant factor in maintaining the general

health of the aquatic animals (Dawood, 2021). Two strategies have been used to

improve the digestive tract’s local immunity in aquatic animals: providing balanced

food that maintains intestinal health and improves digestion, or using food additives

to increase the activity of beneficial bacteria and the secretion of digestive enzymes

and to decrease the harmful bacteria (Oliva-Teles, 2012; Dawood and Koshio, 2020;

Dawood, 2021). A diet with yeast powder as the major protein source promoted

intestinal bacterial diversity and immune activity in pearl oyster Pinctada fucata

martensii (Liao et al., 2020). In bivalve larvae, there is limited literature related to the

enhancement of the digestive tract’s local immunity, but the application of probiotics

(Prado et al., 2010; Karim et al., 2013; Sohn et al., 2016; Modak and Gomez-Chiarri,

2020) and prebiotics (Hung et al., 2015) to improve animal disease resistance has

been frequently reported. Hence, the protection mechanism linked to the application

of these immunostimulants can be verified by checking the integrity of the digestive

tract of bivalve larvae as the first choice.
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6.5.2 Host defense

In disease prevention it is of utmost importance to ensure optimal physical health of

the cultured species. The non-fully developed immune system during early

developmental stages, as described in Chapter 4, makes bivalve larvae more

susceptible for pathogens than spats and adults. Stimulation of the defense system is

hence an interesting approach; for this purpose the challenge test model as

described in Chapter 3 and 4 enables to screen for potential immune stimulants in

bivalve larvae such as poly-β-hydroxybutyrate (PHB), and more specifically their

potential to reduce mortality under challenge. The compound PHB, a polymer of the

short-chain-fatty acid β-hydroxybutyrate, is known to activate phenoloxidase activity

and antimicrobial peptide activity in blue mussel larvae (Hung et al., 2019b), and

PHB can protect blue mussel larvae against pathogenic Vibrio coralliilyticus (Hung et

al., 2019a). Moreover, selective breeding can focus on disease resistance, as has

been reported for different bivalve species (Yue et al., 2012; Dégremont et al., 2015).

Improvements in Vibrio resistance through selective breeding have been reported in

the clam Meretrix meretrix (Yue et al., 2012) and for herpes virus in the Pacific oyster

C. gigas (Camara et al., 2017). In Sydney rock oyster Saccostrea glomerata, a

reduction of 22% in mortality was achieved after two generations of selection against

QX disease caused by Marteilia sydneyi (Nell and Hand, 2003).

Supplementation of lectins can also support the host defense system (Chapter 5).

Pipe et al. (1997) observed that ConA could bind to the hemocytes of M. edulis and

even induce hemocyte proliferation. Similarly, Song et al. (2019) reported that a C-

type lectin CgCLec-3 could bind to LPS, mannose and peptidoglycan, and increase

the phagocytic activity of C. gigas hemocytes. Besides, CfLec-1 and CfLec-4 from

Chlamys farreri (Yang et al., 2011; Huang et al., 2017), and AiCTL-3 from Argopecten

irradians (Huang et al., 2013) could also mediate and enhance phagocytosis. Based

on the negative results of ConA in Chapter 5, it can be stated that the binding affinity

of the lectins on the surface of both bacteria and hemocytes is a necessary pre-
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condition for lectin-mediated host defense, and hence should be examined before the

application of the selected lections.

6.6 Final conclusions

This work has developed a new approach to study the infection process of Vibrio spp.

in bivalve larvae (Chapter 2-4) by combining GFP-tagging, histopathological and

ultrastructural analyses. It showed that bacterial pathogenicity was caused directly by

the ability of V. splendidus and V. anguillarum to attach to the larval digestive tract.

This characteristic allows the bacterial cells to grow along the digestive tract and

disrupt the digestive epithelium as a portal of entry. It has to be noted that the early

colonization and the rapid proliferation of Vibrio pathogens within the body cavity

supported the observed sudden and fatal effect of the vibriosis, since when larvae

exhibited the first signs of disease, infection already occurred and spread to large

part of host body. Whenever an anti-Vibrio therapy is introduced, it is highly

recommended to focus on improving gastrointestinal microbiota, morphology

and immune response, since the microvilli and cilia of the gastrointestinal epithelial

cells are firstly damaged during the infection process of vibriosis. The use of

probiotics has been proposed as a potential preventative measure to limit the impact

of bacterial diseases in shellfish hatcheries (Prado et al., 2010; Dubert et al., 2017b;

Modak and Gomez-Chiarri, 2020). Pre-exposure of bivalve larvae to probiotics prior

to infection with vibrios leads to a robust and effective immune response (Modak and

Gomez-Chiarri, 2020), a decrease in potentially pathogenic species and an increase

in probiotics in larvae (Stevick et al., 2019) and high survival ratios (Kesarcodi-

watson et al., 2012; Karim et al., 2013; Sohn et al., 2016 ab; Zhao et al., 2016;

Abasolo-Pacheco et al., 2017; Ma et al., 2019; Stevick et al., 2019; Yeh et al., 2020).

Even though the application of probiotics in bivalve hatcheries is not as fully

developed as the one used in fish and shrimp (Dawood et al., 2019), the positive

effect of probiotics on gastrointestinal microbiota and morphology in fish and shrimp

gave a good example for bivalve larviculture, such as adhering to the mucosal layer
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of the intestine to inhibit infection pathogen (Ringø et al., 2010) and increase

microvilli density in the intestine (Standen et al., 2015; Xia et al., 2018; Xie et al.,

2019).

The immunity in the early stages of bivalve is not strong enough to prevent vibriosis

(Chapter 4). Mannose-binding lectin ConA was used in the hope to stimulate

hemocytes phagocytosis of the Vibrio strain ME9 and thus protect bivalve larvae, but

the results were not encouraging when we put the thought into practice (Chapter 5).

Nevertheless, the ample use of experimental techniques and newly developed

protocols should facilitate future research to find strategies for controlling and

preventing Vibrio infection in hatcheries.

Translations of the results obtained in a gnotobiotic system to the hatchery

environment, is a delicate yet crucial step to make. In fact, naturally infected oysters

are typically colonized by diverse Vibrio species (Petton et al., 2021). It has been

hypothesized that this diversity may contribute to pathogenesis. Infection in the wild

may also be reinforced by association of pathogens with zooplankton or

phytoplankton and organic particles. Disease therefore is unable to be understood in

isolation from the host and its biotic and abiotic environment. Holistic approaches

taking the complexity of all levels of these interactions into account are needed in the

future.
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Figure S 2-1. Map of the gfp-carrying plasmid in the Vibrio splendidus ME9-GFP strain. ORFs

were visualized using SnapGene v5.2 (snapgene.com).
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Figure S 2-2. Map of the gfp-carrying plasmid in the Vibrio anguillarum NB10-GFP strain.

ORFs were visualized using SnapGene v5.2 (snapgene.com).
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Appendix C: Summary

Larval mortality events associated to Vibrio spp. have been described in bivalve

hatcheries for more than 50 years and are still a major problem. Vibriosis constitutes

the main bottleneck in the bivalve production process during the early stages of

development, leading to high mortality rates and the rapid loss of complete batches.

Hence, knowledge of pathogenesis of vibriosis in larvae is essential for successful

bivalve culture and disease treatment.

Research has been restricted to histopathological observations of the whole animals

at the beginning of bivalve vibriosis research. However, Vibrio infection is a dynamic

process while histological analysis is limited to static destruction and does not allow

distinguishing the tested pathogen from the regular microbiota inside the larvae.

Hence, we used green fluorescent protein (GFP) for in situ animal studies that follow

up Vibrio infection under epifluorescence microscopy. GFP is a powerful tool to track

bacteria, without any other fluorescent probe or staining requirement. The use of

GFP tagging in pathogenic Vibrio species has recently facilitated the unraveling of

bacterial infection dynamics in molluscs. Before application, the possible effect of

GFP incorporation on the physiological trait of Vibrio strains was determined. Our

study extends the current knowledge on GFP application and highlights the

importance of preliminary physiological testing of the bacteria when GFP tagging is

used to monitor the target localization, in order to document its possible negative

effects. The data presented here also supported the idea that Vibrio virulence is often

intimately regulated by complex regulatory networks. Based on the result of only one

physiological trait, especially growth or swimming motility, the usability of a GFP-

tagged Vibrio strain should not be refuted when the main focus lays on its virulence.

To clarify the onset and advancement of vibriosis in bivalve larvae, two known larval

pathogens Vibrio splendidus ME9 and Vibrio anguillarum NB10 and two bivalve

larvae blue mussel Mytilus edulis and Pacific oyster Crassostrea gigas were used.
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Vibrio strains were tagged with green fluorescence protein (GFP). Combined with

synchronous histopathological and ultrastructural analyses, we identified a new type

of pathogenesis of experimental vibriosis in bivalve larvae. The GFP-tagged Vibrio

strains were first filtered by larvae through the velum and entered into the larval

stomach through the esophagus. Later, they proliferated rapidly in the style sac and

digestive glands, inducing necrosis of the digestive organs in the dorsal region during

the first 24 h post challenge. Necrosis continued with esophagus disruption and velar

deformation. Ultimately, the loss of distinguishable internal structures further

disrupted the associated regulatory functions and rapidly induced larval death.

Interestingly, even though the same infection process was observed in two different

bivalve species challenged with two different Vibrio species, warm-water oyster

larvae showed higher resistance against infection than cold-water mussel larvae.

ME9 has been originally isolated from blue mussel, and the low temperature

facilitates the expression of virulence factors of ME9 and NB10, which could explain

the stronger virulence in blue mussel larvae. The immune system ontogenesis could

be different in blue mussel and Pacific oyster, which may also explain the different

disease resistance of these two bivalve species. Based on the differences in immune

effectors of adult bivalves, both the mechanisms applied by the larval hosts for anti-

infection and by the Vibrio strains ME9 and NB10 for infection need to be further

investigated in future work to find out the factors contributing to the higher resistance

of Pacific oyster larvae to infection than blue mussel larvae, as observed in our study.

Moreover, combining information on the transcription of immune genes with the

infection process may be an essential tool to provide a better understanding of the

response of immune genes to vibriosis. Most of the mRNA levels for essential

immune genes in bivalve larvae were not up-regulated until necrosis had already

started in the digestive tissues. This suggests that the immunity in the early stages of

bivalve is not strong enough to prevent vibriosis, and future research may focus on

strengthening of the gastrointestinal immune ability as a defense against vibriosis in
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bivalve larvae.

In conclusion, this work has developed a new approach to study the infection process

of Vibrio spp. in bivalve larvae. Rapid and preferred colonization of the larval

digestive tract by pathogenic Vibrio strains is an important factor to consider when

establishing preventive protocols against vibriosis, and to guarantee the success of

the larval cultures. Vibrio strains grow along the digestive tract and disrupt the

digestive epithelium as a portal of entry, as we observed in both blue mussel and

Pacific oyster larvae. These results may be valuable for future research that aims at

the comparison of the gastrointestinal morphology after the introduction of anti-Vibrio

therapy in the culture system. Besides, the non-fully developed immune system

during early developmental stages makes bivalve larvae more susceptible for

pathogens than spats and adults. Future research may focus on strengthening of the

gastrointestinal immune ability as a defense against vibriosis in bivalve larvae.
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Appendix C. Samenvatting

Reeds meer dan 50 jaar wordt in de literatuur larvale mortaliteit beschreven in

broedhuizen van tweekleppigen (bivalven), geassocieerd met Vibrio spp., en deze

mortaliteiten zijn nog steeds een groot probleem. Het voorkomen van vibriosis is het

voornaamste probleem in het productieproces van bivalven tijdens de vroege

ontwikkelingsstadia, waarbij er hoge sterfte optreedt en volledige kweekpopulaties op

korte tijd verloren gaan. Bijgevolg is kennis over de pathogenese van vibriosis in

deze larven essentieel voor een succesrijke bivalvenkweek en voor behandeling van

hun ziekten.

Tot nu toe is het onderzoek naar vibriosis bij bivalven beperkt gebleven tot

histopathologische waarneming van de volledige dieren. Vibrio-infectie is echter een

dynamisch proces, terwijl histologische analyse zich beperkt tot statische destructie

en niet toelaat om de onderzochte pathogeen te onderscheiden van de vaste

microbiota binnen de larven. Dus hebben wij ‘groen fluorescent eiwit’ (GFP) gebruikt

voor in situ bestudering van deze dieren, volgend op Vibrio-infectie, onder

epifluorescentie-microscopie. GFP is een doeltreffende methode om bacteriën te

traceren, zonder dat enige andere fluorescentie-component of kleuring nodig is. Het

gebruik van deze GFP-‘tagging’ bij pathogene Vibrio-soorten heeft het recent

mogelijk gemaakt om de bacteriële infectie-dynamiek in mollusken te ontrafelen.

Voor de toepassing ervan onderzochten we het eventuele effect van GFP-

incorporatie op de fysiologische kenmerken van de Vibrio-stammen. Onze studie

verbreedt de bestaande kennis over GFP-toepassing en illustreert het belang van

voorafgaandelijk fysiologisch onderzoek van de bacteriën, wanneer GFP-tagging

gebruikt wordt om de locatie waarop gefocust wordt op te volgen, met het doel om de

mogelijke negatieve effecten ervan in kaart te brengen. De door ons aangeleverde

data versterken ook de stelling dat Vibrio-virulentie vaak nauw gestuurd wordt door

complexe regulatorische netwerken. Het resultaat van slechts één fysiologisch

kenmerk, met name groei of beweeglijkheid van de cel, mag geen afbreuk doen aan
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de bruikbaarheid van een Vibrio-stam die gemerkt is met GFP, wanneer het

onderzoek zich vooral toespitst op de virulentie van deze stam.

Om de aanvang en progressie van vibriosis in larven van bivalven in kaart te brengen,

gebruikten we twee bekende larvale pathogenen, met name Vibrio splendidus ME9

en Vibrio anguillarum NB10, alsmede larven van twee soorten bivalven: de mossel

Mytilus edulis en de oester Crassostrea gigas. De Vibrio-stammen werden gemerkt

met GFP. In combinatie met gelijktijdige histopathologische en ultrastructurele

analyses identificeerden we een nieuw type pathogenese van experimentele vibriosis

in larven van bivalven. De Vibrio-stammen, gemerkt met GFP, werden eerst gefilterd

door de larven via het velum, en kwamen binnen in de larvale maag doorheen de

slokdarm. Later vermenigvuldigden ze zich snel in de stylus-zak en de

verteringsklieren, waarbij ze necrose veroorzaakten van de spijsverteringsorganen

dorsaal tijdens de eerste 24 h na blootstelling aan de pathogeen. In een verdere fase

van necrose trad er disruptie op van de slokdarm en misvorming van het velum.

Uiteindelijk verstoorde het verlies van duidelijk te onderscheiden inwendige

structuren de geassocieerde regulatorische functies, spoedig leidend tot mortaliteit.

Hoewel het infectieproces hetzelfde verloop bleek te hebben in twee verschillende

soorten van bivalven, blootgesteld aan twee verschillende Vibrio-soorten, vertoonden

de larven van oester, een warmwater-soort, hogere resistentie tegen infectie dan de

mossellarven, een koudwater-soort. De stam ME9 is oorspronkelijk geisoleerd uit de

mossel, en lage temperatuur bevordert de expressie van virulentiefactoren in ME9 en

NB10, wat de hogere virulentie in larven van de mossel kan verklaren. De

ontogenese van het immuunsysteem kan mogelijks verschillend zijn in deze mossel-

en oestersoort, wat ook de verschillende ziekteresistentie bij beide soorten kan

verklaren. Uitgaande van de verschillen in immuno-effectoren bij volwassen bivalven,

moet er meer onderzoek gebeuren naar zowel de mechanismen, gebruikt door de

larvale gastheer tegen infectie, als door de Vibrio-stammen ME9 en NB10 voor
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infectie, als men de factoren wil vinden die bijdragen tot de hogere resistentie van

larven van C. gigas dan die van M. edulis, zoals waargenomen in onze studie.

Bovendien kan de combinatie van informatie over de transcriptie van immuungenen

met informatie over het infectieproces een belangrijk hulpmiddel zijn om de respons

van immuungenen bij vibriosis beter te begrijpen. De meeste mRNA-waarden voor

essentiële immuungenen in de bivalvenlarven werden niet opgereguleerd, vooraleer

necrosis optrad in de verteringsweefsels. Dit doet vermoeden dat de immuniteit in

deze vroege stadia van bivalven niet sterk genoeg is om vibriosis te voorkomen.

Toekomstig onderzoek moet zich dus toeleggen op de versterking van de gastro-

intestinale immuniteit, als een verdedigingsmechanisme tegen vibriosis in deze

organismen.

Tot besluit heeft dit werk een nieuwe benadering ontwikkeld om het infectieproces

van Vibrio spp. In larven van bivalven te bestuderen. De snelle en preferentiële

kolonisatie van het larvale spijsverteringskanaal door pathogene Vibrio-stammen is

een belangrijke factor om rekening mee te houden wanneer men preventieve

protocollen tegen vibriosis ontwikkelt, en om het succes van larvale kweken te

garanderen. Vibrio-stammen groeien via het spijsverteringskanaal en veroorzaken

disruptie van het verterings-epithelium als toegangspoort, zoals we waargenomen

hebben bij larven van zowel de mossel als de oester. Deze resultaten kunnen nuttig

zijn voor toekomstig onderzoek dat zich toespitst op de vergelijking van de gastro-

intestinale morfologie na de introductie van anti-Vibrio-therapie in het kweeksysteem.

Bovendien maakt het onvolledig ontwikkeld immuunsysteem tijdens de vroege

ontwikkelingsstadia de larven van bivalven meer vatbaar voor pathogenen dan de

postlarven (‘spat’) en volwassen dieren. Toekomstig onderzoek kan zich toeleggen

op de immuuncapaciteit van het gastro-intestinaal kanaal als een verdedigingswal

tegen vibriosis in larven van bivalven.
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