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Abstract

Anisakis nematodes were found in a variety of marine fishes around the world and

they are known to cause anisakiasis in human hosts. Anisakis third-stage larvae (L3, n =

502) were isolated from 250 spotted mackerel Scomber australasicus caught from the

coastal waters of Yilan, in northeastern Taiwan (25° N, 121¢ E). Anisakis nematodes

were pre-identified morphologically and later molecularly by PCR-RFLP. A simple

molecular taxonomic key, utilizing RFLP by two restriction enzymes Hinfl and Hhal,

enabled the differentiation of the genus Anisakis. We obtained six species of the genus

Anisakis, A. pegreffii, A. typica, A. paggiae, A. brevispiculata, A. physeteris, and a

recombinant genotype between A. pegreffii and A. simplex sensu stricto. Thereby we

provide new host and locality records for A. paggiae, A. brevispiculata and A. physeteris.

A. pegreffii was determined to be the dominant species (prevalence = 57.2%) and

important agent of human anisakiasis. The phylogeny of the Maximum Likelihood and

Neighbor Joining trees show two well supported clades: one includes the species of A.

pegreffii and the other includes A. paggiae, A. physeteris and A. brevispiculata, while A.

typica has basal position to all other Anisakis spp. analyzed. To analyze the cellular

response to temperature stress in Anisakis, the heat shock protein 90 (Hsp90) was

chosen in the study, as it plays a key role in many cellular processes and responds to

stress conditions such as heat or cold shock. The Hsp90 genes of five species (except



the recombinant genotype) were cloned by rapid amplification of cDNA ends (RACE).

Quantitative RT-PCR showed that Hsp90 transcript levels increased slightly under heat

shock (50°C) treatment, and increased gradually during the first 3 h, and thereafter,

returned to its baseline value at 37°C. Under cold shock (4°C) treatment, the mRNA

expression of Hsp90 did not change significantly. In addition, we found a clear

time-dependent Hsp90 protein expression pattern of A. pegreffii exposed to high

temperature. Our results suggest that the mRNA and protein expression patterns of

Hsp90 are related to the temperature, and are especially significantly increased under

heat stress. On the other hand, to elucidate the possible roles of Hsp70 and Hsp90 in the

life cycle of the parasitic nematode Anisakis, particularly third- and fourth-stage larvae,

which are transferred from cold-blooded fish to warm-blooded marine mammals or

accidentally to human hosts, and we examined the expression profiles of Hsp70 and

Hsp90 in different developmental stages of A. pegreffii. On heatmap and phylogenetic

analysis, ApHsp70 and ApHsp90 shared the highest amino acid sequence identity with

other nematodes and formed a monophyletic clade. The three-dimensional (3D)

structure prediction of the newly characterized ApHsp70 and known ApHsp90 gene

showed highly conserved motifs between A. pegreffii and other species. Quantitative

real-time PCR and western blot analysis revealed higher mRNA and protein expression

for ApHsp70 and ApHsp90 in fourth- than third-stage larvae, with higher mRNA and

v



protein expression for ApHsp70 than ApHsp90. Our results suggest that ApHsp70 and
ApHsp90 may play important roles in Anisakis in response to the thermal stress , and
might be important molecules in the development of A. pegreffii, which has implications

for its control.

Keywords: Anisakis nematode; molecular taxonomic key; Hsp90; Hsp70; stress;

development
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Chapter 1 General introduction

1-1 Anisakis nematodes

1-1-1 The taxonomy of Anisakis

The phylum Nematoda, also known as the roundworms, is the most diverse species
phylum after the phylum Arthropoda, they inhabit a very broad range of environments.
They are ubiquitous in marine, freshwater and terrestrial environments, and from the
polar regions to the tropics, as well as the highest to the lowest of elevations (Zhang,
2013). Many roundworm species are free-living in nature and feed on bacteria, fungi,
protozoans and other nematode (40% of the described species); many parasitic forms
include pathogens in animals (invertebrates and vertebrates (44% of the described
species) and plants (15% of the described species) (Dropkin, 1989). Various authorities
distinguish among 16 to 20 different orders within this phylum. The important
nematodes belong to six orders: Rhabditida, Strongylida, Oxyurida, Ascaridida,
Spirurida, and Enoplida. Rhabditida is an order of free-living, Caenorhabditis elegans is
a popular model organism as it possesses all the characteristics mentioned, and shares
many essential biological characteristics found in human biology. The most common of
these is Ascaris lumbricoides (Ascaridida) with an estimated 807-1,221 million people

in the world are infected, intestinal roundworm infections constitute the largest group of

1



helminthic diseases in humans. The nematodes infecting humans include several species

of filarial worms, the most important of these are Wuchereria bancrofti and Brugia

malayi (Spirurida) that cause elephantiasis and lymphatic filariasis, respectively. Other

species are Enterobius vermicularis (Oxyurida) known as Pinworms, Necator

americanus and Ancylostoma duodenale (Strongylida) causing Hookworm, and

Trichinella spiralis causing Trichinosis (Enoplida) (Gutierrez, 2000).

Nematodes of the genus Anisakis are the most frequently reported parasitic species,

which continuously attracts mankind health concerns relating to anisakiasis. The

classification scheme of the species of Anisakis is given by Anderson et al., (1974).

Phylum Nematoda

Class Secernentea

Order Ascaridida

Family Anisakidae

Genus Anisakis Dujardin, 1845

According to morphological characterization and molecular techniques revealed

that the Anisakis genus consists of 10 valid species: A. simplex sensu stricto (s. s.), A.

pegreffii, A. simplex C (3 sibling species of the A. simplex complex), A. typica, A.

ziphidarum, A. nascettii, A. physeteris, A. brevispiculata, A. paggiae and Anisakis sp.

(Davey, 1971; Paggi et al., 1998; D'Amelio et al., 2000; Abollo et al., 2003; Mattiucci
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et al., 2005; Nadler et al., 2005; Valentini et al., 2006; Mattiucci et al., 2009).

1-1-2 Life cycle of Anisakis nematodes

The adults of the genus Anisakis, known as the ‘herring worm’ or the ‘whale

worm’, live in the digestive tract of marine mammals, mainly whales (Young, 1972).

Their life cycles are completed in aquatic ecosystems, and involve various invertebrates

and fish hosts as intermediate/paratenic hosts and cetaceans as definitive hosts.

The life cycle of Anisakis nematodes follows the nematode life cycle model,

including five stages separated by four molts. Eggs passed in the feces of marine

mammals and embryonate in seawater. Then embryonated eggs hatch to third stage

larvae, which are considered to be the infective stage. The larvae are eaten by

euphausiaceans or crustaceans, which are subsequently eaten by marine fishes or

cephalopods, and the larvae penetrate the wall of the gut, usually on the outside of the

visceral organs, but occasionally in the muscle tissue. Fish or squid are

intermediate/paratenic hosts, in which the larvae grow, but do not molt into adults. The

life cycle is completed when infected fish or squid are consumed by marine mammals

(whale, seal, or dolphin), in which two molts take place, the fifth stage becoming the

adult worm. The adults live in the intestine, feeds, grows, mates and releases eggs into

the seawater (Audicana et al., 2002; Klimpel et al., 2004).

3
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1-1-3 Geographical distribution of Anisakis spp.

The existence of species-specific distribution of Anisakis spp. follows a variety of
factors, that differ from (1) their characteristic lifecycle, (2) migration pathways of
intermediate/paratenic hosts, (3) host preference for cetaceans, and (4) the final host
distribution (Klimpel and Palm, 2011). A synopsis of geographical aspects of each

species is presented below.

® A pegreffii (Nascetti et al., 1986)

Previously described as A. simplex A (Nascetti et al., 1986). A. pegreffii is the



dominant species of the genus Anisakis, and is widespread in many marine fish species.

In the case of A. pegreffii, which is widely distributed between 55°N and 55°S, extends

from Mediterranean Sea through the East Atlantic Ocean down to the Antarctic

Peninsula, with additional records in Japan, Korea, China and Taiwan (Kuhn et al., 2011;

Zhang et al., 2013), additionally, mainly in coastal and bank areas between 20 and 200

m (Moiseev, 1991). Many commercial fish species in the Taiwanese waters are infected

by A. pegreffii (Shih et al., 2010; Chou et al., 2011; Chen et al., 2014).

® A simplex (s. s.) (Nascetti et al., 1986)

Previously described as A. simplex B (Nascetti et al., 1986). A. simplex s. s. is

widespread between 20°N and the Arctic polar circle (80°N); it is presented in the

northern hemisphere range within the western and eastern Atlantic and Pacific Ocean

(Mattiucci and Nascetti, 2006). The occurrence of a recombinant genotype of A. simplex

s. s. and A. pegreffii was found in a sympatric geographic area. The recombinant

individuals may be a product of interspecific hybridization (Abollo et al., 2003). A

recombinant genotype has been identified in the Gilbratar strait (Cadiz and Alboran Sea),

Iberian Peninsula waters, Galician coast, NW Spain, Korea, Japan, China and Taiwan.

® A simplex C Mattiucci et al., 1997

A. simplex C is recorded a discontinuous range, including Chile, New Zealand

waters, Pacific Canada and the Atlantic South African coast, that dispersed to the
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northern and southern hemispheres (Mattiucci and Nascetti, 2006).

® A typica (Diesing, 1860)

The species range of A. typica is widespread in warmer temperate and tropical

waters between 45°N and 30°S. A. typica is a common parasite of various fish species,

which have an epipelagic distribution in the Atlantic Ocean close to the coast of Brazil,

Morocco, Portugal and Madeira. Furthermore, A. typica has been found in the

Mediterranean Sea, Indian Ocean off Somalia, Australia, Japan, Taiwan, China,

Thailand, Indonesia and Australia (Mattiucci et al., 2002; Koinari et al., 2013).

® A ziphidarum Paggi et al., 1998

A. ziphidarum is distributed in the East Atlantic Ocean near Madeira and the

Moroccan coast, the West Pacific between New Zealand and South Australia, and the

southern top of Africa, extended range with other records in the West Atlantic Ocean

and the Mediterranean Sea (Kuhn et al., 2011).

® A. nascettii Mattiucci et al, 2009

A. nascettii was described off the coast of New Zealand South Africa and West

Atlantic Ocean (Mattiucci et al, 2009; Kuhn et al., 2011).

® Anisakis sp. Valentini et al., 2006

Anisakis sp. is distributed South African and New Zealand waters. This gene pool

has been indicated reproductively isolated from the sympatric species A. ziphidarum
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occurring in the same geographic location and hosts. It is considered more closely

related to A. ziphidarum rather by genetic characterized (Mattiucci and Nascetti, 2006,

Valentini et al., 2006).

® A physeteris (Baylis, 1920)

A. physeteris is mainly distributed the Altanic Ocean and Mediterranean Sea

between 40°N and 20°S, and few Asian countries such as Japan, Taiwan and China

(Murata et al., 2011; Zhang et al., 2013).

® A paggiae Mattiucci et al., 2005

The distribution of A. paggiae northwards has been reported so far within the

North Atlantic, South African Atlantic coast, New Zealand, Japan and Taiwan (Chen et

al., 2014; Kuhn et al., 2011). A. paggiae is a common parasite of deep-water fish as a

second intermediate host, and its life cycle mainly takes place in the meso-/bathypelagic

zone (Klimpel et al., 2011).

® A brevispiculata Dollfus, 1966

A. brevispiculata is mainly distributed central Atlantic Ocean from Florida towards

the Portugal coast, South African Atlantic coast, Japan and Taiwan (Mattiucci et al.,

2007; Chen et al., 2014).

Their geographical range seems to be wide and related to their definitive hosts. A.

simplex complex (A. simplex s. s., A. pegreffii and A. simplex C) exhibits low definitive
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host specificity. In contrast, A. physeteris complex (A. physeteris, A. brevispiculata and

A. paggiae) indicates high definitive host specificity. Furthermore, both complexes

exhibit low specificity in the second intermediate hosts (Klimpel et al., 2008).

1-1-4 Morphological and genetic identification

According to a revision of the genus Anisakis, Davey (1971) gave the following

generic description:

The third stage larvae of the genus of Anisakis are characterized by the presence of

three bilobed lips, one dorsal and two ventrolateral, a boring tooth ventral to the mouth,

an excretory pore between the ventrolateral lips, and a hung of ventriculus between the

esophagus and the intestine. Distinction among the three genera depends on the

presence or absence of an intestinal caecum and a ventricular appendage. The adult

worms possess three protruding lips around its mouth opening. The Anisakis species

were preliminary identification relied on number and distribution patterns of caudal

papillae.

Traditionally, the taxonomic concepts of nematodes have relied heavily on a

limited number of morphological characters. Anisakid larvae of species identification

are usually very difficult due to the lack of unique characters. For this reason, the results

of earlier classification systems were uncongruous with each other and the causes of the
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problem produced many synonyms. According to the morphological descriptions, some

very poor, of 21 species of the genus Anisakis, Davey (1971) rearranged the extent of

individual variation in taxonomic characters, and he concluded that there are only three

valid species (14 synonyms within them) as follows: A. simplex (with 10 synonyms), A.

typica (with 1 synonym) and A. physeteris (with 3 synonyms). In the past three decades,

the taxonomy of anisakid nematodes has been redefined based on multilocus enzyme

electrophoretic analyses (Mattiucci et al., 1986). These analyses have revealed that

many anisakid mophospecies including A. simplex, Pseudoterranova decipiens, and

Contracaecum osculatum. For example, the mophospecies A. simplex consists of three

sibling species, A. simplex s. s., A. pegreffii and A. simplex C. Sibling species are

morphologically very similar or even identical, but genetically different, life cycle, host

preferences, and zoogeographical distribution (Valentini et al., 2006; Klimpel et al.,

2007). Furthermore, the third-stage larvae of Anisakis were categorized morphologically

into Anisakis Type I larvae and Anisakis Type II larvae on the basis of their ventriculus

length and the presence or absence of a mucron (Berland, 1961). Anisakis Type I larvae

had a longer ventriculus and mucro while type II larvae had a shorter ventriculus and no

mucro. Anisakis Type I larvae were found to include the species A. simplex s. s., A.

pegreffii, A. simplex C, A. typica, A. ziphidarum, and A. nascettii, whereas Anisakis

Type II larvae include the species A. physeteris, A. brevispiculata, and A. paggiae
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(Berland, 1961). Morphological comparison of A. simplex s. s. and A. pegreffii larvae

showed a significant difference in ventricular length (Quiazon et al., 2008), although

comparative studies with other type I larvae have not been performed.

Although the identification of anisakid species by morphology is unreliable,

specific identification can be achieved using molecular approaches. Recent molecular

techniques, the polymerase chain reaction-restriction fragment length polymorphism

(PCR-RFLP) analysis of the internal transcribed spacer (ITS) region (ITS-1 and ITS-2)

and the 5.8 subunit ribosomal DNA gene have been successfully employed for the

identification of these species because these spacers showed high levels of interspecies

divergence in the presence of low level intraspecies variation (Shih et al., 2004

Umehara et al., 2006). The ITS region of the genus Anisakis was digested with 16

restriction enzymes (Alul, Dral, EcoRI, EcoRV, Haelll, Hhal, Hinfl, Hpall, Hsp92II,

Mbol, Ncil, Pstl, Pvull, Rsal, Sacl and Taqgl). 12 out of 16 endonucleases cut the target

sequence in one or more of the species, while four endonucleases (Dral, ECORV, Pstl

and Sacl) did not (D'Amelio et al., 2000). Many studies have been performed on the

ITS region with Hinfl and Hhal for all species of Anisakid nematodes (Espifieira et al.,

2010; Shih et al., 2010).

On the other hand, micro-satellites, sequences analysis of the nuclear large subunit

ribosomal DNA (LSU rDNA) and the mitochondrial cytochrome C oxidase subunit II
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(cox2) have been used to distinguish the species among Anisakis spp. (Nadler et al.,

2005; Valentini et al., 2006). Therefore, through a combination of morphological and

molecular analyses, Anisakis Type I larvae include the species A. simplex s. s., A.

pegreffii, A. simplex C, A. typica, A. ziphidarum, and A. nascettii, whereas Type II larvae

include the species A. physeteris, A. brevispiculata, and A. paggiae (Mattiucci et al.,

2002, 2005, 2009). On the contrary, Murata et al., (2011) reported that Anisakis

nematodes were divided morphologically into 4 types. Anisakis Type II (A. physeteris),

Type III (A. brevispiculata), and Type IV (A. paggiae) larvae all had a short ventriculus,

but their tails were morphologically different. Type II larvae had a long, conical, and

tapering tail without a mucron. Type III larvae were characterized by a short and

rounded tail. Type IV larvae were characterized by a short, conical, and pointed tail

without a mucron. Therefore, A. physeteris, A. brevispiculata, and A. paggiae can be

readily differentiated not only by genetic analysis but also by morphological

characteristics of L3 larvae. In addition, molecular approaches have the advantage that

they allow securing species identification and providing data for phylogenetic

relationships.

1-1-5 Anisakiasis and prevention

The first case of anisakiasis was described in the Netherlands in 1960 (Van Thiel et
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al., 1960), and then many cases have been reported in Japan and Western Europe, where

raw fish are consumed frequently. Over the past decade, it has been increasing in most

regions of the world, probably due to the increased consumption of raw or undercooked

fish and improved technological advances in Anisakis diagnosis (Audicana and Kennedy,

2008).

Anisakiasis is an important fishborne zoonosis provoked by the accidental

ingestion of anisakid nematodes. Four species of the family Anisakidae are known to

cause infection in humans: A. simplex s. s., A. pegreffii, A. physeteris and P. decipiens

(Mercado et al., 2001; Quiazon et al., 2011). Human may become accidental host when

they ingest raw or undercooked infected seafood such as Japanese sushi, sashimi,

Hawaiian lomi-lomi, Latin American ceviche and Dutch salted or smoked herring. Even

if seafood is frozen or well-cooked, it induces allergic reactions in sensitive patients to

this parasite.

Human might suffer two distinct clinical syndromes: gastrointestinal anisakiasis

and allergic anisakiasis. The digestive symptoms of anisakiasis included acute gastric,

abdominal pain, nausea, vomiting, abscessing or eosinophilic granulomas and stomach

ulcers. Besides, the excretory-secretory products of larvae and dead larvae may also

induce severe allergic reactions such as rash, itching, anaphylaxis, acute urticarial and

angioedema (Ishikura et al., 1993; Audicana et al., 2002). In vivo test, patients
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sensitized to Anisakis simplex, and the latency of gastric symptoms was within 48h and

the latency of allergic symptoms was within 24 h after consuming raw or uncooked fish

(Daschner and Pascual, 2005). There have been twelve allergens of A. simplex described

and only four are major allergens, which have been recognized by > 50% of the patients

(Quiazon et al., 2013). To date, there are five (Ani s 1, 4, 5, 8 and 9) of these are

heat-stable allergens, which have been found to be highly resistant to heat (Audicana

and Kennedy, 2008).

The diagnosis and identification of human infections is difficult. This is due to the

low specificity of the clinical symptoms related to human infections (Simonetta et al.,

2011). The digestive and allergic symptoms are often confused with food poisoning (i.e.

bacterial or viral infection) and may lead to misdiagnosis. Anisakiasis treatment is not

always obligatory. Diagnosis of anisakiasis requires a history that the patient has

consumed raw or uncooked seafood. The medical doctors can visualize the worms with

endoscopy. Skin prick tests and determination of specific IgE to Anisakis are also

routinely performed (Feaste et al., 2014). Another way to identify the infective worms is

via histopathologic study of the gastric or intestinal tissue. When patient has a serious

health condition, and the larvae must be removed surgically or during endoscopic

examination. A drug called albendazole might also kill it (Arias-Diaz et al., 2006).

Food safety management can reduce the occurrence of foodborne pathogens and
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improve public health protection. Much research has been published regarding the

survival and resistance of anisakids under different treatment conditions. The survival

tolerance of the third stage Anisakis larvae were observed in various conditions, such as

in microwaving, freezing, heating, salting, anthelmintic drug and Condiments (Wang et

al., 2010). To kill the larvae in fish, high and low temperature is commonly applied. The

treatment of some seafood may involve methods by salting, curing, pickling and

smoking at 40 °C which are not enough to kill anisakids. Lanfranchi and Sardella (2010)

found that Anisakis can survive to the maximum of 330 days in NaCl solution (0.85%)

at 4 — 5.5°C. In high temperature condition, the movement of larvae was examined at 40

and 50°C for up to 30min. There are still a part of larvae alive under the heat at 60°C for

10min. (Vidacéek et al., 2011). Svanevik et al., (2013) reported that Anisakis larvae,

which migrate from the intestine of the fish into the flesh, as vector for bacteria

contaminate resulting in the fish flesh. The U.S. Food and Drug Administration (FDA)

recommended that fish is cooked reaching an internal temperature of 63°C (145°F) and

stuffed fish increase internal temperature to 74°C (165°F). In some studies have

reported on Anisakis species have been found to -20°C for short periods and the FDA

recommends freezing fish at -20°C for at least 168 hours (7 days) and blast-freezing at

-35°C for at least 15 hours.
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1-1-6 A comprehensive review of Anisakis biology

To data, many different types of studies with Anisakis, including (1) Ecology and
genetic structure of Anisakis spp. from different countries or regions in the world
(Mattiucci, 2004; Abdou and Dronen, 2007; Cavallero et al., 2012; Mladineo et al.,
2012; Quiazon et al., 2013), (2) Anisakis species use as biological tags for the
application of stock identification or indicator of heavy-metal pollution
(Beverley-Burton, 1978; Chou et al., 2011), (3) Anisakiasis and allergy in human
(Audicana and Kennedy, 2008; Zullo et al., 2010; Baird et al., 2014), (4) Food safety
and hygiene of the Anisakis (Penalver, 2010; Levsen and Karl, 2014), (5) Cloning and
molecular characterization of the allergens or other genes from A. simplex (Arrieta et al.,

2000; Kim et al., 2006; Yu et al., 2007; Tseng and Shih, 2007; Chen et al., 2014).

1-2 Heat shock proteins

1-2-1 Introduction

These proteins were named as heat shock proteins (Hsps) because they were first
thought to be induced by heat and are conserved and ubiquitous in nature that help cell
survival during energy stress. Hsps are highly conserved and present in almost all
species, except for some archaea (Lindquist, 1986). Hsps are essential chaperones

required for key cellular functions. They are involved in folding/unfolding of proteins,
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cell-cycle control and signaling, differentiation and development, apoptosis and help

modulate signals involved in the immune system and the inflammatory response

(Devaney, 2006; Shiny et al., 2011). This family of proteins also plays key roles in

protection of cells against temperature stress. Furthermore, Hsps respond not only to

increased temperatures, but also chemicals, heavy metals, UV light, hypoxia and other

stressors can induce their synthesis (Pirkkala et al., 2001). Hsps are classified into

families on the basis of their approximate molecular weight on SDS-PAGE, such as

small Hsp, Hsp 60, Hsp70, Hsp 90 and Hsp 100 (Lindquist and Craig, 1988).

1-2-2 Heat shock protein 90

Hsp 90 is highly conserved ubiquitous proteins, representing almost 1-2% of the

total cellular protein in unstressed cells. It functions as a molecular chaperone that is

important for growth and development, such as members of the steroid receptor family

(Kimmins and MacRae, 2000), the tumor suppressor p53 and telomerase (Picard, 2002).

Hsp90 is indispensable protein in many eukaryotes. It is essential for viability in the

yeast Saccharomyces cerevisiae and its mutation causes defects in eye development in

the fruit Drosophila melanogaster. Besides, Hsp90 function is crucial for cancer

progression in human.

Hsp90 exists as a homodimer, and contains three domains: a highly conserved
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N-terminal ‘ATPase domain’, a charged linker region, that connects the N-terminus with

the middle domain followed by ‘middle region’ and the C-terminal dimerization domain,

which were involved client proteins and co-chaperones binding (Johnson, 2012). Hsp90

undergoes conformational changes from an open to a closed conformation during its

ATPase cycle. These changes are thought to be relevant for the stabilization and

activation of the client proteins (Pearl and Prodromou, 2006).

Hsp90 is a relatively well-characterized Hsp in nematodes (Skantar and Carta,

2004; Him et al., 2009). Hsp90 sequences from B. malayi and B. pahangi are 99.9%

identical. Hsp90 from Brugia spp. and C. elegans share 84% identity, while Brugia spp.

and human are 77% identity. Despite they share a highly conserved but functionally

diverse within the phylum. In common with most other parasitic nematodes undergo a

heat shock as part of their life cycle. For instance, a mosquito carrying the third stage

larvae of B. pahangi transfer to human by biting, and third stage larvae were shifted

from 28°C to 37°C. The expression of Hsp90 is in all development stages (Devaney et

al., 2005). However, the transcription levels of Hsp90 of parasitic nematode

Nippostrongylus brasiliensis were higher in infective L3 larvae than in other larval

stages (Arizono et al., 2011).

Specific inhibitors, geldanamycin (GA) a naturally occurring ansamycin compound

produced by Streptomyces hygroscopicus, some nematodes Hsp90 are susceptible to
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inhibition with GA. Exposure of Brugia pahangi to nanomolar concentrations of GA is

lethal to microfilariae and to adult worms (Devaney et al ., 2005). Him et al., (2009)

found that Hsp90 of free living and parasitic with free living larvae (i. e. Anisakis

simplex) failed to bind to GA. However, Hsp90 of parasite with eggs (i. e. Ascaris suum)

and obligate parasites (i. ¢. B. pahangi) can bind to GA. They suggested that differences

in the ability of nematode Hsp90 to bind to GA are correlated with particular life

histories. In addition, Hsp90 is a desirable candidate use in nematode phylogenetics

studies because it is highly conserved and is featured gene not easily confused with

related genes.

1-2-3 Heat shock protein 70

Members of the Hsp70 family were first shown to play an important role in stress,

such as heat shock (Parsell and Lindquist, 1993). Hsp 70 is the most conserved protein

family compared to other Hsp families. Prokaryotic Hsp70 (DnaK) proteins share about

50% amino acid identity with eukaryotic Hsp70s. All known Hsp70 proteins exhibit

highly conserved amino acid sequences and these proteins consist of two domains. The

highly conserved N-terminal ATPase domain has protease sensitive sites, while the

more divergent C-terminal domain contains the peptide binding site (Zhu et al., 1996).

In eukaryotes, four subfamilies can be distinguished according to their function and
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localisation in different cellular compartments: cytosol, endoplasmic reticulum,
mitochondria and chloroplasts (Boorstein et al., 1994). In all multicellular studies so far,
multiple cytosol-type members show a constitutive expression under normal
physiological conditions (Hsc70) while other are stress-inducible (Hsp70).

Hsp70 has been characterized from a range of parasitic nematodes, including
Brugia malayi (Selkirk et al., 1989), Trichinella spiralis (Wang et al., 2009),
Nippostrongylus brasiliensis (Arizono et al., 2011) and Parastrongyloides trichosuri
(Newton-Howes et al., 2006). In both B. malayi and P. trichosuri, the Hsp70 mRNA
appeared to be constitutively expressed in all life cycle stages examined and was further
inducible by heat shock. However, the mRNA expression of Hsp70 from N. brasiliensis
in third stage larvae was higher than in other larval stages. Hsps are induced by cold
exposure in some nematodes. A temperature shift from 37°C to 4°C increases the
expression of Hsp70 in the parasitic first stage larvae of T. spiralis, T. nativa and T.
nelsoni , but level of Hsp90 decline or do not change (Martinez et al ., 2001). However,
the exact function of the Hsp70 gene family in parasitic nematodes remains unclear.

Due to the high degree of sequence conservation of Hsp70 has been widely used as
a suitable phylogenetic marker. It has been applied to phylogenetic relationships (such
as between animals, plants and fungi) or to clarify the monophyletic group of the

Metazoa (Borchiellini et al., 1998). Hsp70 genes and proteins have also been used for
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phylogenetic analysis of protozoan parasites such as Trypanosoma and Leishmania

(Simpson et al., 2004; Fraga et al., 2010).

1-3 Aims of this dissertation

The aims of this study are (1) to identify and evaluate the prevalence in spotted

mackerel (Scomber australasicus) from the northeast coast of Taiwan, and creating a

simple molecular taxonomic key assisted rapid diagnosis of Anisakis species. Much less

is known about the role of Anisakis Hsp90 in stress responses, (2) to understand gene

and protein expression profiles of A. pegreffii Hsp90 under heat stress. Except in

response to stress, other functions of Hsp in different stages of A. pegreffii remain

unclear, (3) to interest in understanding the possible role of Anisakis nematodes Hsp90

and Hsp70 in the developmental stages.

To achieve these aims, the following studies were conducted to explore:

(1) Occurrence and prevalence of fish-borne Anisakis larvae in the spotted

mackerel Scomber australasicus from Taiwanese waters. This study identified anisakid

nematodes at the species level in spotted mackerel caught from the coastal waters of

Yilan in 2012-2013. All the collected Anisakis larvae were identified by morphological

and molecular approaches. Additionally, a molecular taxonomic key was developed

according to the restriction fragments that would be useful for immediate identification
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of Anisakis spp.. Phylogenetic relationships between the Anisakis nematodes were

discussed.

(2) Effect of different temperatures on the expression of the newly characterized

heat shock protein 90 (Hsp90) in L3 of Anisakis spp. isolated from Scomber

australasicus. We cloned, characterized and compared the full-length cDNA of Hsp90

of five Anisakis spp. In addition, we investigated the expression levels of Hsp90 after

cold and heat shock. For that, we used the third-stage larvaec of A. pegreffii as a model,

which is dominant species detected in our experiment and causes human anisakiasis.

(3) The structural conservation and expression patterns of Hsp70 and Hsp90 in

different developmental stages of A. pegreffii. We cloned, characterized and compared

the Hsp70 cDNA sequence of A. pegreffii. We have used homology modeling to derive a

putative three-dimensional structure for Hsp70 and Hsp90 based on known crystal

structure of yeast Hsp90 and Hsp70. The evolutionary relationships of Hsp70 and

Hsp90 among protozoa, helminthes and human were discussed.
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Chapter 2 Occurrence and prevalence of fish-borne Anisakis
larvae in the spotted mackerel Scomber australasicus from

Taiwanese waters

2-1 Introduction

The spotted mackerel Scomber australasicus is a small- to medium-sized pelagic
fish, which is mainly distributed in the tropics and subtropics between 43°N and 50°S,
and from 32°E to 110°W. The known geographical ranges are from the Indo-West Pacific,
the Red Sea, China and eastwards to Hawaii and Mexico, extending northwards to the
Pacific coast of Japan and southwards to Australia and New Zealand (Collette and
Nauen, 1983). Mackerel is an important food fish that is consumed worldwide.
According to the statistics of the United Nations Food and Agriculture Organization,
mackerel had reached the peak of its development between 2005 and 2007, with
landings of around 200-260 thousand metric tons. Since 2008 the catch of mackerel has
been on a declining trend, with an average of approximately 150-160 thousand metric
tons per year (http://www.fao.org/). Mackerel is harvested all year round and is an
economically important fish species in Taiwan (Tzeng, 2004). According to official
Taiwan statistics, the annual yield and output value of mackerel in the past five years

was approximately 50-90 thousand metric tons and 33-40 million US dollars
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(http://www.fa.gov.tw/). Over 80% of the spotted mackerel is industrially produced as

salted, frozen or canned fish and is exported worldwide. It is an important issue that

treatment in the fish processing and monitoring of zoonotic infections ensure food

safety for consumers.

Anisakids are fish-borne parasites and are reported to be widely distributed in

marine fish, cephalopods and whales throughout the world's oceans and seas (Kuhn et

al., 2011). Anisakiasis is a zoonotic disease caused by the consumption of infectious

third stage larvae (L3) in raw or undercooked seafood products. Human can become

accidental hosts and might suffer from two distinct clinical entities, namely

gastrointestinal anisakiasis and gastroallergic anisakiasis. Up to now, the cases of

human anisakiasis are caused by Anisakis simplex sensu stricto, A. pegreffii, A.

physeteris, and Pseudoteranova decipiens (Hochberg and Hamer, 2010). Out of the

totally approximately 20,000 cases of anisakiasis reported worldwide up to today, most

were primarily reported in Japan, European and United States. However, there have

been increasing case reports from Canada, Brazil, Chile, New Zealand, China, Korea

and Egypt as well (Choi et al., 2009; Qin et al., 2013).

Fish are one of the most important food sources in the seas surrounding Taiwan.

Although the first case of intestinal anisakiasis in Taiwan was described in 2014, there is

increasing consumption of raw or salted fish with a high risk of consumer exposure to
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this zoonotic infection. Unfortunately, Anisakid nematode larvae have appeared within

canned mackerel in fish processed in Taiwan (Shih, 2004). The presence of larvae in

canned fish might induce allergic reactions in those previously sensitized to thermally

stable A. simplex allergens. Further investigation of the parasite fauna of a variety of

fish species and the molecular epidemiology of human anisakiasis in Taiwan is required.

The aim of the present study was to revise the morphological characterization of

Anisakis L3 larvae, in comparison with molecular diagnosis by polymerase chain

reaction-restriction fragment length polymorphism (PCR-RFLP). Additionally, a

molecular taxonomic key was developed according to the restriction fragments that

would be wuseful for immediate identification of Anisakis spp.. Phylogenetic

relationships among taxa were based on sequencing of the internal transcribed spacer

(ITS) regions of ribosomal DNA.

2-2 Material and methods

2-2-1 Parasite collection

A total of 250 fresh specimens of spotted mackerel Scomber australasicus were

caught in the coastal waters of Yilan, northeastern Taiwan (25° N, 121° E) from July

2012 to June 2013. All specimens were placed on flake ice and immediately transported

to the laboratory. 502 live third-stage larvae of Anisakis were obtained from the body
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cavity and visceral organs. The larvae were isolated and washed in physiological saline.
They were examined microscopically and identified based on the morphological
characteristics described previously (Smith, 1983). The morphometric data of Anisakis
larval specimens (identified by PCR-RFLP; see subsection 2.3.) were recorded and
images were taken of the head, tail and ventriculus. Anisakid larvae were preserved at

-20°C until processing for DNA extraction.

2-2-2 DNA extraction and PCR

Genomic DNA was extracted and purified from individual L3 according to a
standard CTAB phenol-chloroform protocol (Rogers and Bendich, 1985) with slight
modifications. DNA concentration and quality were measured by a NanoDrop®
TC1-E20 spectrophotometer. For amplification of the rDNA region containing ITS-1,
the 5.8S gene and ITS-2, the previously described primers NC5 5'-GTA GGT GAA
CCT GCG GAA GGATCA T-3"and NC2 5-TTA GTT TCT TTT CCT CCG CT-3' (Zhu
et al., 1998) were used. Each reaction mixture contained 5 pL 10X Ex Taq Buffer, 4 puL
dNTPs (2.5 mM each), 2 uL of each primer (10 mM), genomic DNA (25-50 ng in 2 pL)
and 0.25 pL TaKaRa Ex Taq (5 U/uL; Takara, Kyoto, Japan) in a total volume of 50 pL.
PCR was performed in a thermocycler (Quanta Biotech, UK) under the following

conditions: an initial denaturation at 95°C for 10 min was followed by 35 cycles of 95
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C for30s,55°C for30s,and 72°C for 75 s with a final extension of 72°C for 7 min.

PCR products were separated by electrophoresis on 1.5% agarose gels, stained with

ethidium bromide and photographed upon transillumination with a Kodak digital

camera (DC290 Zoom).

2-2-3 DNA sequencing and PCR-RFLP

Single DNA band containing PCR products were isolated and purified from

agarose gel by the Gel/PCR DNA Fragments Extraction Kit (Geneaid, Taiwan). The

sequencing was carried out using ABI prism 3730 automated DNA sequencer.

PCR-RFLP patterns of ITS rDNA of larvae in the genus Anisakis were digested with

two endonucleases Hhal and Hinfl. Individual PCR products (5 uL) were digested with

10 U/uL of these enzymes in a final volume of 20 pL, and activated at 37°C for 4 h.

Finally, digested products were analyzed by electrophoresis in a 3% agarose gel and

visualized as described above.

2-2-4 Data analysis

he standard infection parameters (prevalence, mean intensity and mean abundance)

were used to quantify parasite populations and the density of parasitic infection in host

population (Bush et al., 1997). The analysis of sequence similarity of the ITS region

26



was carried out by using the BLAST program at NCBI (http://blast.ncbi.nlm.nlh.gov/).

Additional known ITS nucleotide sequences were obtained from GenBank

(http://www.ncbi.nlm.nih.gov/genbank) for phylogenetic analysis. A phylogenetic tree

was computed using MEGAS.2 software according to the maximum likelihood (ML)

and neighbor joining (NJ) based on the nucleotide sequence of ITS-1, 5.8S and ITS-2,

and drawn using nearest-neighbor-interchange (NNI) with Kimura 2-parameter model.

The relative support for clades in the ML and NJ analyses was determined following

1000 bootstrap replicates with partial deletion. Ascaris suum was used as an outgroup to

root the Anisakis phylogenetic tree.

2-3 Results

2-3-1 Identification of Anisakis nematodes

502 Anisakis larvae were collected from 250 spotted mackerel in Taiwanese waters.

The parasites were mainly found in the viscera, including the stomach, gut, liver, spleen,

gonads (Fig. 2. 1). The prevalence, mean intensity and mean abundance recorded for the

total specimens were 72.8%, 2.8 (1-15) and 2.0 (0-15) separately. Anisakis L3 larvae

were divided morphologically into two types followed by molecular approaches.

Anisakis type I larvae had a longer ventriculus and mucro while type Il larvae had a

shorter ventriculus and no mucro. We obtained six species of the genus Anisakis, A.
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pegreffii, A. typica belonging to type I, A. physeteris, A. brevispiculata, A. paggiae

belonging to type II and a recombinant genotype between A. simplex sensu stricto and A.

pegreffii (Fig. 2. 2).

2-3-2 Molecular genotypes based on PCR-RFLP

A total of 502 individual worms were examined. Restriction of the ITS-1, the 5.8S

gene and ITS-2 (approximately 960 bp in length) with Hhal produced two bands in A.

pegreffii and recombinant genotype (ca. 550 and 430 bp), in A. physeteris (ca. 520 and

390 bp) and in A. paggiae (ca. 520 and 410 bp), A. brevispiculata showed three bands

(ca. 390, 330 and 190 bp), and A. typica showed four bands (ca. 320, 240, 180 and 160

bp). Digestion with Hinfl yielded only one band in A. paggiae (ca. 920 bp) and in A.

brevispiculata (ca. 900 bp), A. typica exhibited two bands (ca. 620 and 350 bp), three

bands in A. pegreffii (ca. 370, 330 and 250 bp) and in A. physeteris (ca. 380, 270, 250

bp), and recombinant genotype showed a unique pattern characterized by four bands (ca.

620, 370, 300 and 250 bp) (Fig. 2. 3). According to the restriction results, we developed

a molecular taxonomic key, which is based on a dichotomic method, for species

differentiation among the Anisakis spp. studied (Fig. 2. 4).

2-3-3 Prevalence of Anisakis larvae
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According to the results of the restriction profile, 287 out of 502 (57.2%) Anisakis

larvac were identified as A. pegreffii, which was by far the most abundant species. A

recombinant genotype was identified in 127 out of 502 (25.3%), and was the

subdominant species in all Anisakis larvae. The prevalences of A. typica, A. physeteris

and A. paggiae in total Anisakis nematodes were 50 individuals (10%), 20 (4.0%), and

15 (3.0%), respectively. On the other hand, only three larvae (0.5%) were identified as A.

brevispiculata (Fig. 2. 5).

2-3-4 Genetic analysis

Genetic characterization of five species of the genus Anisakis with PCR for rDNA

region were carried out by DNA sequencing. The sequences of ITS1-5.8S—ITS2 from A.

pegreffii (accession number, KM658328), A. paggiae (KM658329) and A. physeteris

(KM658331) were 100% identical to the published sequences (A. pegreffii [JN968606],

A. paggiae [AB592795] and A. physeteris [JN968636]). The alignment of A.

brevispiculata (KM658332) and A. typica (KM658330) with published sequence,

resulted in a maximum of 99% and 96% similarity with sequences in GenBank (A.

brevispiculata [AB592794] and A. typica [IN968962]). A phylogenetic tree using

maximum likelihood and neighbor-joining analyses based on ITS sequences produced

trees with similar topology. The topology of the ML and NJ trees showed two well
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supported sister clades, one including A. pegreffii and the other A. paggiae, A. physeteris

and A. brevispiculata. A. typica is the basal group to these two clades (Fig. 2. 6).

2-4 Discussion

Our previous research work has examined three species of the genus Anisakis, A.

pegreffii, A. typica and a recombinant genotype of A. pegreffii and A. simplex s.s. from S.

australasicus in Taiwanese waters (Chou et al., 2011). In the present study, based on

morphological and molecular genetic analysis, performed on larvae in the same fish

hosts, we have confirmed the presence of A. pegreffii, A. typica, A. paggiae, A.

physeteris, A. brevispiculata and a recombinant genotype. The total prevalence and

mean intensity of Anisakis L3 larvae were considerably lower (72.8% and 2.8) than in

our previous study (93.6% and 17.1). A. pegreffii was the most frequently recovered

species (97%) in our previous study, higher than in this study (57.2%). The frequency of

the recombinant genotype of Anisakis species was 3% in our previous study, a lower

percentage than we have identified (25.3%) in this study. However, an increase in

prevalence was found for three species (A. paggiae, A. physeteris, A. brevispiculata)

compared to our previous study. The climate change is altering the world oceans, and

consequences affect the marine ecosystems, and change the species distribution and
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biodiversity in aquatic habitats. The impact of climate change on increasing water

temperature leads to a large number of pelagic fish species following warm currents

northwards, resulting in increasing Anisakis spp. infection of fish (Marcogliese, 2008).

The distribution of parasite species will be directly affected by climate change, but also

indirectly effected through altering the range and abundance of their intermediate and

final host (Marcogliese, 2008). The ENSO (EI Nino Southern Oscillation) phenomenon

causes a drastic fluctuation in the temperature of the seawater and ocean currents. The

phenomenon has been suggested to alternate Anisakis distribution and prevalence by

bringing new sylvatic mammals to the region, such as fish and cephalopods adapted to

warm currents (Arriaza et al., 2010). A study by Liu and Zhang (2013) revealed that,

over the past 100 years, the sea surface temperature (SST) of waters around Taiwan

increased by more than 2.7 °C. The increased SST resulted in an annual increase in the

total number of fish species, while the cumulative percentages of the top 10 captured

fish species, including spotted mackerel, decreased annually in Taiwanese waters (Lu

and Lee, 2014). At present, there is no study that has evaluated the fluctuation in water

temperature related to parasite population dynamics in this region. We suggest that the

changing infection levels of Anisakis larvae are involved not only in biotic factors (life

cycle biology, host ranges and prevalence rates of the zoonotic species in definitive,

intermediate and paratenic hosts), but also in anthropogenic influence (climate change
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and human activities) (Klimpel and Palm, 2011).

The morphological characterization is unreliable for the identification of anisakid

larvae to the species level; however the application of a biomolecular method, such as

PCR-RFLP analysis of the ITS region of ribosomal DNA yielded a correct species

identification. The ITS region of the genus Anisakis (A. simplex s.s., A. pegreffii, A.

simplex C, A. typica, A. ziphidarum, A. physeteris, and A. schupakovi) was digested with

16 restriction enzymes (Alul, Dral, EcoRI, EcoRV, Haelll, Hhal, Hinfl, Hpall, Hsp92II,

Mbol, Ncil, Pstl, Pvull, Rsal, Sacl and Taqgl). 12 out of 16 endonucleases cut the target

sequence in one or more of the species, while four endonucleases (Dral, ECORV, Pstl

and Sacl) did not (D'Amelio et al., 2000). Many studies have been performed on the ITS

region with Hinfl and Hhal for all species of Anisakid nematodes (Espificira et al., 2010;

Shih et al., 2010). In this study, the restriction profiles of Anisakis spp. are consistent

with previous studies. These reports indicate that the two endonucleases Hinfl and Hhal

have enough ability to discriminate between different species of the genus Anisakis by

fragment lengths and patterns.

The tree topologies derived from ML and NJ analyses were congruent and showed

that A. physeteris, A. brevispiculata and A. paggiae were analyzed as a sister group to

the remaining anisakids analyzed (A. pegreffii and A. typica). Clustering of the A.

physeteris complex within a single clade according to the ITS phylogeny, is consistent
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with previously reported phylogenetic trees using mitochondrial cox2 and allozyme data

(Koinari et al., 2013; Murata et al., 2011). In addition, A. physeteris scems to share a

common ancestor with A. brevispiculata. The phylogenetic position of the A. physeteris

complex (A. physeteris, A. paggiae and A. brevispiculata) is also supported by a

relatively homogeneous distribution throughout the central Atlantic Ocean and

host-parasite association were host specific for the sperm whales, which may be a

derived characteristic reflecting their evolutionary history (Physeteris catodon, Kogia

breviceps, and K. sima) (Klimpel et al., 2011). A. pegreffii and A.typica had high genetic

heterogeneity, although they belonged to type I by morphology. According to cox2 and

ITS analysis, A. typica was closely related to A. ziphidarum and A. nascettii, whereas A.

pegreffii indicated close genetic relationships among the species of the A. simplex

complex (A. simplex s.s., A. pegreffii and A. simplex C) (Anshary et al., 2014). Our

results are consistent with these findings, suggesting that A. typica forms a separate

group to A. pegreffii and A. physeteris complex, and A. typica represents a distinct

lineage.

Mackerel is a common name used for a number of different species of fish from

the family Scombridae. Scomber is a genus of ocean-dwelling mackerels, and the four

species of Scomber are commonly infected with Anisakid nematodes. Fish with a high

recorded variability of species of the genus Anisakis infection was the spotted mackerel,
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S. australasicus (A. pegreffii, A. simplex s.s., A. typica, A. paggiae, A. physeteris, A.

brevispiculata and a recombinant genotype), followed by chub mackerel, S. japonicas

(A. pegreffii, A. simplex s.s., A. typica, A. physeteris, A. ziphidarum and a recombinant

genotype), atlantic chub mackerel, S. colias (A. pegreffii, A. physeteris, A. nascettii and

A. typica) , and atlantic mackerel, S. scombrus (A. pegreffii, A. simplex s.s. and A.

physeteris) (Abollo et al., 2001; Bak et al., 2014; Chen et al., 2014; Costa et al., 2011;

Pontes et al., 2005). A. simplex s.s. or A. pegreffii were found in four species of Scomber,

and they are the most common cause of human anisakiasis. We did not find A. simplex

s.s. in S. australasicus; however, high prevalence and infection burden of A. pegreffii

was identified in this study. A. simplex s.s. is the major etiological agent of anisakiasis

and the infection rate of A. simplex s.s. was significantly higher than A. pegreffii

(Umehara et al., 2007). Suzuki et al., 2010 showed that A. simplex s.s. larvae in S.

japonicus were found in fish muscle more frequently than in the body cavity, whereas A.

pegreffii was found mainly in the body cavity. They suggest that anisakiasis is caused

primarily by A. simplex s.s. because it has a higher rate of penetration in the fish muscle

than A. pegreffii. The olive flounder and rainbow trout were orally challenged with L3

larvae of A. simplex complex, and their results indicated that A. simplex s.s. larvae were

infected in both the body cavity and body muscle, while A. pegreffii larvac were

recovered only in the body cavity (Quiazon et al., 2011). Arizono et al., 2012 suggested
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that A. simplex s.s. had a significantly higher rate of penetration into the solid agar than

A. pegreffii, and they showed that A. simplex s.s. tolerated the acidic artificial gastric

juice better than A. pegreffii. These reports indicate that A. simplex s.s. larvac have the

potential ability to invade the human body and were the main causative agent of

anisakiasis. Besides, a few cases of infection with A. physeteris have been reported from

the southern islands of Japan (Asato et al., 1991). To data, the well-known world

distribution of anisakid nematodes, which have been reported from all major oceans and

various fish species. However, there is much less information on the cellular and

molecular function in Anisakis nematodes. In the next chapter, we will introduce

cellular and molecular regulation of Anisakis under thermal stress.
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Fig. 2. 1. Scomber australasicus heavily infected with Anisakis spp. third-stage

larvae (L3).

(A) The larvae were found encysted in the pyloric appendage, mesenteries, visceral

cavity and male gonad. L3 encapsulated in mesentery tissue (arrows). (B) Anisakis

larvae penetrating the liver and white adipose tissue. Encysted L3 in a typically spiral

shape (arrow) was located mainly in the visceral organs. Scale Bar: Icm.
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Fig. 2. 2. Morphology of third-stage larvae of the genus Anisakis from S.
australasicus. (A-C) A. pegreffii; (D-F) A. typica; (G-I) A. physeteris; (J-L) A. paggiae.
(A, D, G, J) cephalic end; (B, E, H, K) ventricular part; (C, F, G, L) caudal end. Bar: 100

pm.
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Fig. 2. 3. PCR-RFLP analysis for the identification of the genus Anisakis.

RFLP patterns digested by the endonucleases (A) Hhal and (B) Hinfl. Lane 1: A.
brevispiculata; Lane 2: A. physeteris; Lane 3: A. typica; Lane 4: A. paggiae; Lane 5: A.
pegreffii; Lane 6: Recombinant genotype of A. pegreffii and A. simplex s. s.. M: DNA

marker (100-bp ladder).
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Fig. 2. 4. Molecular taxonomic key for six species of the genus Anisakis based on

PCR-RFLP of the ITS region of rDNA.
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I A. pegreffii

W A. brevispiculata
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0 A. physeteris
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Fig. 2. 5. The percentage and distribution of Anisakis larvae found in S.

australasicus from Taiwanese waters.
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Fig. 2. 6. Phylogenetic relationships of six species of the genus Anisakis in this study

(*) and sequence of Anisakis species with accession numbers from the GenBank

based on ITS1-5.8S-ITS2 gene sequence.

Significant bootstrap supports from 1000 replicates of maximum likelihood (ML) and

neighbor joining (NJ) are shown at each node in the order ML/NJ and percentages

>85% are shown at the internal nodes. Ascaris suum was used to as an outgroup.
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Chapter 3 Effect of different temperatures on the expression
of the newly characterized heat shock protein 90 (Hsp90) in

L3 of Anisakis spp. isolated from Scomber australasicus

3-1 Introduction

Marine nematodes of the genus Anisakis are food-borne parasites that can infect
over 200 pelagic fish species and cephalopods such as squid. Humans may become
accidental host if they ingest raw or undercooked infected seafood such as Japanese
sushi, sashimi, Hawaiian lomi-lomi, Latin American ceviche and Dutch salted or
smoked herring (Bouree et al., 1995; Alonso-Gémez et al., 2004). Even dead parasites
in frozen or well-cooked seafood can induce allergic reactions in sensitive patients to
this parasite (Rodriguez-Mahillo et al., 2010; Tejada et al., 2013). Three species of the
family Anisakidae have been found to cause infections in humans: A. simplex sensu
stricto, A. pegreffii and Pseudoterranova decipiens (Quiazon et al., 2011; Arizono et al.,
2012; Mattiucci et al., 2013). The digestive symptoms of anisakiasis include acute
gastric, abdominal pain, nausea, vomiting, abscessing or eosinophilic granulomas and
stomach ulcers. The excretory-secretory products of larvae and dead larvae may also
induce severe allergic reactions such as rash, itching, anaphylaxis, acute urticaria and

angioedema (Audicana et al., 2002; Baird et al., 2014; Sharp and Lopata, 2014). To date,
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12 allergens of A. simplex are described and 5 of those (Ani s 1, 4, 5, 8 and 9) are highly

resistant to heat (Audicana and Kennedy, 2008; Rodriguez-Perez et al., 2008; Quiazon

etal., 2013).

Several papers have been published concerning the survival and resistance of

anisakids under different treatment conditions (Brutti et al., 2010; Tejada et al., 2014).

The survival capability of the third-stage Anisakis larvae was tested in various

conditions, such as in microwaving, freezing, heating, salting, as well as application of

anthelmintic drugs and condiments (Wang et al., 2010). The common method to kill the

larvae in fish is application of high or low temperature. Lanfranchi et al. (2010) found

that Anisakis can survive up to 330 days in NaCl solution (0.85%) at 4 — 5.5°C. Vidacek

et al. (2010) reported that larvae were immobile and dead after heating at 60°C for >3

min, 70°C for >1 min and 80°C for >30 s. According to the U.S. Food and Drug

Administration (FDA) recommended that fish should be cooked assuring an internal

temperature of at least 63°C and 74°C for stuffed fish. Anisakis species have been found

to be alive after freezing at -20°C for short periods and the FDA recommends freezing

fish at -20°C for at least 168 hours or blast-freezing at -35°C for at least 15 hours.

Heat shock proteins (Hsps) have been found in almost all living organisms, from

bacteria to humans. These proteins are involved in development, growth, signal

transduction, cellular metabolism and innate immune response. They play critical roles
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in responses to stress such as low or high temperature, heavy metal exposure or parasite

infections (Asea et al., 2000; Devaney, 2006; Saunders and Verdin, 2009; Shiny et al.,

2011; Yang et al., 2013; De Jong H et al., 2014). According to their molecular weight,

Hsps have been grouped into several families: Hsp100 (100 kDa), Hsp90 (83-90 kDa),

Hsp70 (67-70 kDa), Hsp60 (60 kDa), Hsp40 (40 kDa) and small heat shock proteins

(16-25 kDa).

Hsp90 is an essential molecular chaperone in eukaryotic organisms and abundant

in unstressed cells, constituting 1-2% of the cytosolic proteins (Pratt, 1998). Hsp90

exists as a homodimer consisting of a highly conserved N-terminal 'ATPase domain', a

charged linker region, that connects the N-terminus with the middle domain followed by

‘middle region’ and C-terminal dimerization domain, which were involved client

proteins and cochaperones binding (Johnson, 2012; Eckl and Richter, 2013). Its

functions are related to cell growth and differentiation, apoptosis, signal transduction,

oncogenic transformation, antigen presentation and cancer (Graefe et al., 2002, Tsan

and Gao, 2004, Péroval et al., 2006; Kumar et al., 2007; Tsutsumi and Neckers, 2007;

Lamoureux et al., 2013). Hsp90 also plays an important role in response to stress

condition such as heat or cold shock and induces stress proteins to protect cells. On the

other hand, Hsp90 is a useful marker for phylogenetic analysis in nematodes (Skantar

and Carta, 2004; Him et al., 2009). To date, no Hsp90 gene of Anisakis spp. has been
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characterized, therefore, we cloned, characterized and compared the full-length cDNA

of Hsp90 of five Anisakis spp.. Additionally, we investigated the expression levels of

Hsp90 after cold and heat shock. For that, we used the third-stage larvae of A. pegreffii

as a model, which is commonly found in many marine fishes and causes human

anisakiasis.

3-2 Material and methods

3-2-1 Sampling and experimental design

Two hundred and fifty specimens spotted mackerel (Scomber australasicus) were

obtained from professional fisherman in the coastal waters of Yilan, north-eastern

Taiwan (25°N, 121°E) during 2012- 2013. Fresh specimens were stored on ice and

transported to the laboratory immediately. Live Anisakis spp. third-stage larvae (L3)

were recovered from visceral cavity and intestine of fish. After washing in physiological

saline, species and developmental stages of Anisakid nematodes were pre-identified

based on the morphological characteristics described previously (Smith, 1983; Shih,

2004; Murata et al., 2011) and later characterized genetically to species level by PCR

restriction fragment length polymorphism.

The present study is divided into two major parts: molecular characteristics of the

Hsp90 gene and the effect of different temperatures on expression of Hsp90. For the
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molecular studies, DNA and RNA were extracted from single Anisakis individuals. The

DNA was used for subsequent species identification by PCR-RFLP and the RNA

extraction was reverse transcribed into complementary DNA (cDNA) for molecular

cloning of the Hsp90 gene.

To examine the expression levels of Hsp90 of anisakid nematodes in response to

different temperature and time treatments, we selected A. pegreffii as study object.

Freshly isolated larvae were exposed to either 4°C, 37°C and 50°C. Thereby we

imitated three conditions: the fish intermediate hosts that are stored in the range 0-4°C

in fish markets, larvae invading the gastrointestinal tract of humans (37°C); and lightly

cooked infected fish at 50°C. Five live larvae each were added to 1 ml of distilled water

in 3.5 cm Petri Dishes, and incubated at either 4°C for 1, 2, 3, 6, 12 and 24 h in the

refrigerator, or at 37°C in 5% CO, for 1, 2, 3, 6, 12 and 24 h. For the 50°C incubation,

five larvae were added to 1 ml of distilled water in 1.5 ml reaction tubes, and were

incubated for 1, 2, 3, 5 and 7 min in a water bath. After each treatment, the larvae were

examined immediately under a dissecting microscope. Spontaneous and stimulated

(touching the larvae with a needle without damaging them) movements of the larvae

were recorded. Every individual was put in a cryovial and stored in liquid nitrogen until

use. Freshly isolated worms from the fish were frozen immediately as control groups. A

total of 204 A. pegreffii larvac were used for both the expression of Hsp90 mRNA and
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protein expression, and twelve A. pegreffii larvae were used as controls.

3-2-2 DNA, RNA and protein extraction

Both DNA and RNA were extracted from individual L3 using TRIzol reagent

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions with

some modifications. Briefly, the frozen larva was homogenized using a motorized pestle

and homogenized tissue in 1 ml of Trizol with the addition of 0.2 ml of chloroform. The

mixture was vortexed and centrifuged (13,000 rpm, 15 min, 4°C) resulting in an

aqueous (containing RNA) and organic phase (containing DNA and proteins). The

aqueous layer was transferred to a separated tube and RNA was precipitated with 600 ul

isopropanol overnight at -80°C and pelleted by centrifugation (13,000 rpm, 10 min,

4°C), washed in 1 ml of 75% ethanol, centrifuged again, and dried for 10 min. The

pellet was resuspended in 30 pl nuclease and RNase-free water at 60°C for 15 min,

centrifuged again, and the clear upper aqueous layer was transferred to a new reaction

tube.

DNA was precipitated from the remaining interphase/organic layer with 300ul

absolute ethanol. The mixture was centrifuged (4,800 rpm, 10 min, 4°C), and the upper

aqueous layer (containing proteins) was transferred to a new tube. The pellet was

washed in 1 ml of 0.1 M sodium citrate in 10% ethanol and centrifuged (10,000 rpm, 10
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min, 4°C). The DNA sample was dried for 10 min at room temperature and was

resuspended in 20 pl TE buffer (Tris-EDTA buffer) at 65°C for 10 min, followed by

centrifugation. The clear supernatant was transferred to a new reaction tube.

Proteins were precipitated by 800ul isopropanol followed by centrifugation

(11,000 rpm, 10 min, 4°C). The protein pellet was washed with 2 ml of 0.3 M guanidine

hydrochloride in 95% ethanol, and incubated for 20 min followed by addition of 2 ml of

100% ethanol, and centrifugation at 6,000 rpm for 5 min at 4°C. The pellet was dried

for 10 min at room temperature, dissolved in 25 pl 1% SDS (1:1; v/v; protein fraction),

and incubated at 50°C in a water bath. This solution was centrifuged (10,000 rpm, 10

min, 4°C), and the supernatant containing the proteins was transferred to a new tube.

RNA, DNA and protein concentration and quality were measured by a NanoDrop®

TC1-E20 spectrophotometer. DNA was stored at —20°C, RNA and protein was stored

at —80°C until use.

3-2-3 PCR-RFLP

Larvae of Anisakis spp. were identified by a PCR-RFLP analysis as previously

described (Cavallero et al., 2011). The same protocols and conditions for the

PCR-RFLP analysis of the ITS region (ITS1-5.8S-ITS2) were followed in this study.

The PCR products of the ITS region were digested with two endonucleases Hinfl and
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Hhal. The digested products were separated by electrophoresis on 2% agarose gel and

visualized by staining with ethidium bromide.

3-2-4 RT-PCR, cloning of Hsp90 and amplification of Hsp90 cDNA

To remove the traces of genomic DNA from the Trizol extracted RNA, 1 ul DNase

I (1 U/ pl, Invitrogen) was added to 1 pg of RNA sample. cDNA was synthesized using

1 ug of RNA, 0.5 pg dTiz.15, 1.25 ul ANTP (10 mM), 1 ul RNase inhibitor (25U/ pl,

Promega, USA ), and 1 ul M-MLV reverse transcriptase (200U/ ul, Promega), topped

up to 25 ul with nuclease-free water. The mixture was incubated for 60 min at 37°C and

subsequently transferred on ice. Amplification of Hsp90 of Anisakis spp. were

performed by PCR in a total volume of 25 ul containing 2.5 ul 10X PCR buffer, 2 ul

MgSO4 (25 mM), 2.5 ul ANTPs (2 mM each), 1 pl of each primer (10 mM) (Table 3. 1),

3ul ¢cDNA, and 1 ul KOD Hot Start DNA Polymerase (1 U/ul, TOYOBO, Japan). PCR

was performed as follows: 95°C for 3 min followed by 30 cycles of 30 s at 95°C, 30 s at

60°C, 2 min 30s at 72°C with a final extension at 72°C for 15 min. The PCR products

were separated using agarose gel electrophoresis, and band of the expected size were gel

purified with the QIAquick Gel Extraction kit (Qiagen, Germany). The purified PCR

products were dA-tailed, cloned into pPGEM®-T Easy Vector (Promega) and sequenced.

The 5' and 3' ends of Hsp90 cDNA were amplified using a 5'/ 3' RACE system for
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rapid amplification of cDNA ends kit (Invitrogen) as specified by the manufacturer. To

obtain 3' RACE, two forward primers, GSP4 3race and GSP5 3race, were designed

according to the above known full-length cDNA sequence of Hsp90 (Table 3. 1). The

three adapter primers were provided in the kit. First-strand cDNA was synthesized by

SuperScript™ II Reverse Transcriptase at 42°C for 50 min using an adapter primer on

RNA sample. Fist PCR amplification was performed using a universal amplification

primer and GSP4 3race. 5 min at 95°C were followed by 35 cycles, which were

performed as follows: 30 s at 95°C, 30 s at 63°C, Imin 30 s at 72°C, with a final

extension at 72°C for 7 min. The 10-fold dilution of first PCR amplification product was

prepared for nested PCR. Nested PCR were performed using an abridged universal

amplification primer and GSP5 3race. After an initial 5 min at 95°C, 35 cycles were

performed as follows: 30 s at 95°C, 30 s at 55°C, 45 s at 72°C with a final extension at

72°C for 7 min.

For 5' RACE, two reverse primers, Hsp90 37r Srace and Hsp90 38r Srace, were

designed according to the above known full-length cDNA sequence of Hsp90 (Table 3.

1). First-Strand ¢cDNA Synthesis of 5' RACE was synthesized by SuperScript™ 11

reverse transcriptase at 42°C for 50 min using the Hsp90 37r Srace. The obtained

cDNA was modified by DNA tailing by TdT, and PCR amplification was performed

using Hsp90 38r Srace and an abridged anchor primer provided in the kit. After an
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initial 5 min at 95°C, 35 cycles were performed as follow: 30 s at 95°C, 30 s at 50°C, 1

min at 72°C with a final extension at 72°C for 7 min. Amplified products were separated

on a 1.5% agarose gel, and the DNA was purified, cloned into pGEM-T Easy Vector.

Following transfection into competent Escherichia coli DH5a cells, recombinants were

identified by blue and white selection and the positive clones were sequenced. All

primers designed are shown in Table 3. 1.

3-2-5 Real-time PCR analysis

A. pegreffii was selected and used for real-time PCR. The cDNA synthesized in the

above reaction was used as a template with the target gene Hsp90 and the

house-keeping gene GAPDH as a reference. Each cDNA sample was transcribed from a

RNA pool from three larvae of A. pegreffii to increase efficiency of normalization and

maximize the number for which quantity data were obtained. For each temperature and

time point four pools were used as replicates. The fluorescent real-time PCR assay was

carried out in a CFX384 real-time PCR system (BioRad, USA). The amplification were

performed in a 10ul reaction volume containing 5 pl of 2X 1Q™ SYBR® Green

Supermix (BioRad), 1 ul of each primer (10 mM), 1 ul of 10-fold diluted cDNA, and

3.6 ul dH20. Cycling conditions involved an initial 5 min at 95°C, 40 cycles were

performed as follows: 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C. After the reaction, a
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melting curve analysis from 65°C to 95°C was applied to ensure consistency and

specificity of the amplified product. All reactions were carried out in triplicates,

including a control with no template. The data was expressed as mean £ SD (n = 4).

Analysis of the real-time PCR data was conducted with the Bio-Rad CFX Manager™

Software (Hellemans et al., 2007; Pfaffl, 2001). The baseline was set automatically by

the software. The concentration of the target gene and control gene were determined

based on the threshold cycle number (Ct). The qPCR experiment was designed and

performed according to the MIQE guide recommendation (Bustin et al., 2009). Primers

are shown in Table 3. 1.

3-2-6 Western blot analysis

Western blot analysis was conducted for A. pegreffii. Like for the qPCR, each

protein sample was pooled from three larvae of A. pegreffii to increase efficiency of

normalization and maximize the number for which quantity data were obtained and four

replicates of these pooled samples were tested. For each sample, 15 pg of total protein

were run in 10% SDS-PAGE gels, and transferred by Western blot to nitrocellulose

membranes. Incubation with primary polyclonal rabbit anti-Hsp90 alpha (GTX109753,

Genetex Inc, CA) at a 1: 1,000 dilution, and was performed overnight at 4°C. After

washing with TBS-T, the blots were incubated in the secondary antibody conjugated
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horseradish peroxide (GTX213110-01, Genetex Inc, CA) at a 1: 5,000 dilution for 1 h at

37°C. Polyclonal rabbit anti-GAPDH (GTX100118, GeneTex Inc, CA) at a 1: 2,000

dilution, and was used as a control screen to normalize protein loading. Protein bands

were visualized with western ECL kit (Bioman, Taiwan), and quantified using an

Auto-Chemi system (UVP; Bio-Imaging Systems) and the image acquisition analysis

software Labworks (version 4.6). The protein data were expressed as the mean = SD (n

= 4). Differences between the control and exposed treatments were determined using

one-way ANOVA followed by Dunnett's Multiple Comparison Test. Differences were

considered statistically significant at p < 0.05.

3-2-7 Bioinformatic analysis

Multiple alignments of deduced amino acid sequence of Hsp90 and 3'-UTR

sequences were performed with ClustalW2. The results were displayed using BioEdit

v7.2.0. The molecular weight and theoretical isoelectric points were calculated using the

Compute pI/Mw tool (ExPASy server). The motifs of protein sequences were searched

using the MyHits (http://myhits.isb-sib.ch/).
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3-3 Results

3-3-1 Morphological and PCR-RFLP analysis of Anisakis spp.

The third-stage of Anisakis larvae were obtained from S. australasicus collected in

Taiwanese waters. Through a combination of morphological and molecular analyses the

species A. typica, A. pegreffii belonging to Type I and A. paggiae, A. brevispiculata, A.

physeteris belonging to Type II were detected. Additionally, the molecular analysis

revealed a recombinant genotype of A. simplex s. s. and A. pegreffii. S. australasicus is a

new host record for A. paggiae, A. brevispiculata, A. physeteris and these species were

described for the first time in the coastal waters of northeastern Taiwan. The larvae

exhibited the following RFLP patterns: Digestion with Hinf I produced three bands (ca.

370, 300, and 250 bp) in A. pegreffii, two bands (ca. 620 and 350 bp) in A. typica, three

bands (ca. 360, 270, and 250 bp) in A. physeteris, only one band (ca. 920 bp) in A.

paggiae, one band (ca. 900 bp) in A. brevispiculata and four bands of (ca. 620, 370, 300

and 250 bp) in the recombinant genotype. Digestion with Hhal produced two major

bands (ca. 550 and 430 bp) in A. pegreffii, four bands (ca. 320, 240, 180 and 160 bp) in

A. typica, two bands (ca. 520 and 390 bp) in A. physeteris, 2 bands (ca. 520 and 410 bp)

in A. paggiae, 3 bands (ca. 390, 330, and 190 bp) in A. brevispiculata and 2 bands (ca.

550 and 430 bp) in the recombinant genotype (Fig. 3. 1; recombinant genotype data not

shown).
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3-3-2 Molecular characterization of Hsp90

The complete sequences of ApeHsp90, AphHsp90, ApaHsp90, AtHsp90, and

AbHsp90 were 2457, 2649, 2609, 2730, and 2683 bp in length, respectively. The

lengths of the open reading frame (ORF) deduced amino acid of the five genes were

2163 bp/ 721 aa (AphHsp90), 2163 bp/ 721 aa (ApaHsp90), 2163 bp/ 721 aa (AtHsp90),

2157 bp/ 719 aa (ApeHsp90), and 2166 bp/ 722 aa (AbHsp90). Each of these ORF

sequences contained a 5'-terminal untranslated region (UTR) with 22-nt spliced leader

SL1, which is present in all nematodes, and a 3'-terminal UTR with a polyadenylation

signal sequence and a poly (A) tail (Table 3. 2). The calculated molecular weights were

83.01, 83.17, 83.21, 83.21, and 83.18 kDa. The theoretical isoelectric points (pl) were

4.95, 5.01, 4.97, 4.99, and 4.99, respectively. The deduced peptide sequence contained

five highly conserved segments (I-V) that are common to all eukaryotic Hsp90 proteins

(Fig. 3. 2). The cytoplasmic Hsp90 C-terminal region of MEEVD motif was highly

conserved in the five Anisakis species. A Lysine-rich motif and a conserved domain of

the histidine kinase-, DNA gyrase B-, and Hsp90-like ATPase were also discovered by

using MyHits. In the 3’-UTR sequences of five Anisakis spp. with variable lengths and

57.6- 92.7% sequence identity between the five species (Fig. 3. 3).
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3-3-3 Expression of Hsp90 mRNA in response to different temperatures

Quantitative RT-PCR was performed to examine the mRNA expression pattern of

the Hsp90 gene in A. pegreffii. The mRNA expression of Hsp90 at 50°C was increased

gradually (R? = 0.8856), and the expression of Hsp90 increased after 1 min and peaked

at 7 min (Fig. 3. 4A). The result indicated that after thermal stress treatment at 37°C, the

mRNA expression of Hsp90 increased gradually (1 h, 2 h, and 3 h), and recovered

afterwards (6 h, 12 h, and 24 h) (Fig. 3. 4B). Nematodes were exposed to cold stress at

4°C, and the mRNA expression of Hsp90 did not change significantly (Fig. 3. 4C).

There is no statistically significant difference between the groups in our study.

3-3-4 Protein expression of Hsp90 by heat and cold stress treatments

Western blot analysis demonstrated a different expression of Hsp90 after heat (50

or 37°C) and cold (4°C) stress treatment in A. pegreffii. At high temperature (50°C)

condition, protein expression of Hsp90 increased markedly; the expression levels were

significantly higher at 5 and 7 min compared to control (p < 0.05). After the heat shock

(37°C) treatment, the expression level was lowest at 6 h (p < 0.05), and expression

raised significantly at 12 and 24 h compared to control (p < 0.05). At low temperature

(4°C), the expression level was higher at 1 h (p < 0.05, compared to control); however,

it decreased gradually afterwards (Fig. 3. 5).
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3-4 Discussion

In our previous study, we found three Anisakis nematodes in S. australasicus

collected from Taiwanese waters: A. pegreffii, A. typica or a recombinant genotype of A.

pegreffii and A. simplex sensu stricto (Chou et al., 2011). In addition, A. simplex s. s.

and A. pegreffii had previously been recovered from this species of fish in Japanese

waters. (Quiazon et al., 2008). In the present study, A. paggiae, A. physeteris and A.

brevispiculata are reported for the first time from this host, providing new host and

locality records. We determined the full-length cDNA sequence of the Hsp90 gene from

A. pegreffii, A. typica, A. paggiae, A. physeteris and A. brevispiculata. The

trans-splicing of 22-nt spliced leader (SL) to the mature 5" UTR of the mRNA is a

common feature present in diverse eukaryotes, including trypanosomatid protozoa,

urochordates, cnidarians, rotifers, platyhelminths, and nematodes (Guiliano and Blaxter,

2006). These conserved SL were also found in five species of the genus Anisakis

showing 100% sequence identity (Table 3. 1). The 3'-UTR has a conserved AATAAA or

ATTAAA polyadenylation signal, which is important for the transport out of the nucleus

and to stabilize the mRNA (van Oers et al., 1999). A. pegreffii, A. typica and A. paggiae

contained a AATAAA or ATTAAA motif present in the 3'-UTR while A. physeteris and

A. brevispiculata represented a CATAAA motif. The extremely conserved C-terminal

pentapeptide MEEVD, which is responsible for the interaction with tetratricopeptide
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repeat (TPR) domain-containing co-chaperones and is found in many eukaryotes

(Prasad et al., 2010). These specific characters were recognized in five species of the

genus Anisakis. Overall, the amino acid sequences of Hsp90 from Anisakis was highly

conserved with only few gaps in the sequence and some variable amino acids.

The sequence of Hsp90 isolated in the present study might be used as a highly

conserved and ubiquitous phylogenetic marker (Stechmann and Cavalier-Smith, 2003)

for future studies of relationships among nematodes or for eukaryotic global phylogeny.

Temperature is one of the most important parameters affecting the abundance and

distribution of nematode species around the world (Basafiez et al., 2012). In general, the

heat tolerance of nematodes is low. Previous studies have shown that A. simplex L3 that

were exposure to 50°C for 5 min showed a decrease in mobility by 50%. The larval

cuticle ruptured, shrinked and became more susceptible by higher temperatures and

longer heating times (Tejada et al., 2006; Vidacek et al., 2010; 2011). In heat stress

experiment, our study reveals same results as previous research. The larvae were heated

at 50°C for 1, 2, 3, 5 and 7 min in a water bath and they stayed alive within 7 min.

However, the larvae were heated at 50°C for 10 min in a water bath and we examined

these larvae under a dissecting microscope and we found that they changed their

appearance from bright translucent to opaque white, the bodies were ruptured and the

gut broke through the mouth opening. Anisakis larvae survived in a domestic
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refrigerator (4 -5.5°C) in Petri dishes with NaCl solution (0.85%) and without nutrients

or antibiotic. They survived almost a year under these conditions (Lanfranchi et al.,

2010). In cold stress experiment, the larvae were incubated at 4°C within 24 h, all

stayed alive, but they were less active. On the contrary, the larvae were incubated at

37°C for 24 h, in air atmosphere with 5% CO, were increasingly active in movement.

The central dogma of molecular biology states that DNA makes RNA and RNA

makes proteins, but there is uncertainty regarding the general correlation between levels

of RNA and proteins. This correlation is found between mRNA and protein expression

changes in different genes, different developmental stages or different physiological

conditions within the same species (Mattick, 2003; Fu et al., 2007). The use of mRNA

expression patterns by themselves, however, is deficient in understanding the

complicated biological processes of proteins, such as transcriptional splicing,

post-transcriptional mechanisms, translational regulation and degradation, which may

affect the relative quantities of a protein present in a cell or individuals. Proteins are the

major direct executors of life processes and might reflect gene function more directly

than mRNA (Guo et al.,, 2008). In our experiments, the time-dependent protein

expression patterns of Hsp90 were observed under high temperature. Both RNA and

protein expression levels went up and reached the highest level at 7 min. The Hsp90

protein expression was lowest at 6 h (p < 0.05), and expression was significantly
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increased at 12 and 24 h compared to the control (p < 0.05) at 37°C. The result is quite

opposite to what RNA expression suggested at 37°C. The protein expression

significantly increased two-fold after 1 h of treatment and it decreased gradually at cold

temperatures (4°C); however, the RNA expression of Hsp90 did not change significantly.

These results indicated that the positive correlation between mRNA and protein

expression at 50°C. Conversely, there was no relation between mRNA and protein

expression at 4°C and 37°C. Zhu et al. (2012) reported that Hsp90 overexpression under

heat stress condition is higher than under cold stress condition in root-knot nematode,

Meloidogyne incognita. They found that Hsp90 is more conducive to protect M.

incognita under high temperature stress. Expression of Hsp90 considerably increased

under heat stress (Prodromou et al., 2000). Dangi et al. (2014) proposed that increased

Hsp expression during short-term heat stress may be owing to the fact that heat stress

stimulated and quickly initiated the transcription of Hsp mRNA and translation of Hsp

protein to protect cells from heat stress. Feng et al. (2010) reported that the Hsp90

mRNA levels of the carmine spider mite, Tetranychus cinnabarinus increased

significantly after being induced at 40°C; moreover, TcHsp90 was also induced at 4°C.

These research results suggest that Hsp90 might be responsible for the different

intensity of heat and cold stresses due to its ability to protect the individual. Previous

research suggested that A. simplex larvae exposed to 50°C for 5 min still had a survival
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rate of 50% (Vidacek et al., 2010). In the present study, A. pegreffii larvae were exposed

to 50°C for 7 min and they stayed alive. Our findings suggest that larvae have the ability

to tolerate short-term heat stress, and that this may be related to Hsp90 expressions to

protect cells. However, it has to be further verified whether the Hsp90 gene plays a vital

role in heat tolerance. In addition, our results indicated a stronger response of the

expression of Hsp90 after heat stress compared to cold stress in A. pegreffii.
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Table 3. 1 Primers designed for Hsp90 gene cloning and real time RT-PCR

analysis.

Primer name Sequence (5'-3") Amplicon
length (bp)

A. pegreffii_ Hsp90 F: ATGTCTGATCAGAAAGGAGAAGGCGAAACGTTCGC 2157

R: TCAATCGACTTCTTCCATCCGTGATGC
A. typica_Hsp90 F: ATGTCTGATCAGAAAGGAGAAGGCGAAACGTTCGC 2163

R: TTAATCGACTTCTTCCATTCGTGACGC
A. paggiae_Hsp90 F: ATGTCTGAGCAGAAAGGAGAAGGCGAAACTTTCGC 2163

R: TTAATCGACCTCCTCCATCCGCGACGC
A. physeteris_Hsp90 F: ATGTCTGAGCAAAAAGGAGAAGGCGAAACTTTCGC 2163

R: TCAGTCAACTTCTTCCATCCGCGACGC
A. brevispiculata Hsp90 F: ATGTCTGAGCAAAAAGGAGAAGGCGGCGAGACTTT 2166

R: TTAGTCAACTTCTTCCATCCGCGATGC
Hsp90 37r S'race R: CAGTCGTCATCGTTGTGCTTC 550-551
Hsp90 38r S'race R: AGAGCCTCCATGAATGCTTTC 439-442
GSP4 3'race F: TGGTCAGCCAACATGGAACGTATCATGAAGGC 771-913
GSP5 3'race F: CGGGTTGAGGCCGATAAGAATGA 642-784
As hsp90 RT F: CAATAAGGAGGACAAGACAATG 183

R: AGGAACGCAGAATAGAAACC
GAPDH_RT F: CCCCTTCATCAACATCGACT 152

R: TCAGCTCCCCATTTGATTTC
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Table 3.2 5° UTR and 3’ UTR nucleotide sequence of Hsp90 in five Anisakis species
and the full-length Hsp90 with the corresponding GenBank accession numbers.

Species nematode spliced  Length  Polyadenylat Length = Accession
leader SL1 in 5’ of 5 ion signal of 3’ numbers
UTR UTR sequence in ~ UTR in GenBank

(bp)  3'UTR (bp)

A. pegreffii GGTTTAATTAC 66 ATTAAA 234 KF840393
CCAAGTTTGAG

A. typica GGTTTAATTAC 67 AATAAA 500 KF840394
CCAAGTTTGAG

A. paggiae GGTTTAATTAC 64 AATAAA 382 KF840395
CCAAGTTTGAG

A. physeteris GGTTTAATTAC 67 CATAAA 419 KF840396
CCAAGTTTGAG

A. brevispiculata  GGTTTAATTAC 67 CATAAA 450 KF840397

CCAAGTTTGAG
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Fig. 3. 1. PCR-RFLP analysis for the identification of five Anisakis species shows

two different fragment patterns by digestion of the ITS region (ITS1-5.8S-1TS2)

with the restriction enzymes Hinfl (A) and Hhal (B).

Land 1- A. pegreffii. Land 2- A. typica. Land 3- A. physeteris. Land 4- A. paggiae. Land

5- A. brevispiculata. M- 100 bp marker.
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Fig. 3. 2. Multiple sequence alignment of the deduced peptide sequences of Hsp90

from the five Anisakis species.

The dots in the alignment represent identical residues, and gaps are indicated by

hyphens. Five Hsp90 signature sequences (I-V) and cytoplasmic C-terminal region

MEEVD are shadowed. The histidine kinase-, DNA gyrase B-, and Hsp90-like ATPase

domain is underlined. Lysine-rich motif is indicated by asterisk.
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Fig. 3. 3. Comparative sequence of 3’-UTR of Hsp90 gene in 5 Anisakis species. The

identical sequence and INDELs are represented by dots and dashes, respectively. The

polyadenylation signal sequences are shadowed. Ape- A. pegreffii; Apa- A. paggiae; At-

A. typica; Aph- A. physeteris; Ab- A. brevispiculata.
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Fig. 3. 4. The mRNA expression level of Hsp90 in A. pegreffii at three different

temperatures at different time points by quantitative real-time PCR with SYBR

Green. (A) 50C. (B) 37C. (C)4C.

The value is expressed as the mean * SD (n = 4). No statistically significant difference

between control (exposure time = 0) and exposed treatments.
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Fig. 3. 5. Western blotting analysis of Hsp 90 and GAPDH expression.

Relative expression of proteins were expressed as a percentage in the third-stage of A.

prgreffii treated with different temperatures across time points. Western blot (top) and

the corresponding histogram (bottom) represent the expression dynamics in three

treatments. (A) 50°C. (B) 37°C. (C) 4°C. *p < 0.05 compared with control (n = 4).
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Chapter 4 The structural conservation and expression
patterns of Hsp70 and Hsp90 in different developmental

stages of Anisakis pegreffii

4-1 Introduction

In most cases, the third larval stage (L3) of parasitic nematodes is an infective
stage, when the larvae are transferred from cold-blooded animals (mosquitoes, insects
or fish) to homoiothermic animals. When infective L3 larvae invade another host with
change of external environments, including temperature, osmotic pressure and host
immunity, they have to switch several molecular and physiological features to respond
to changes in the surrounding environment (Perry and Wharton, 2011).

Heat shock proteins (Hsps) have been identified in organisms from bacteria to
eukaryotes and show protein sequence conservation across species. They are important
in many cellular processes, including development, growth, protein folding, signal
transduction and apoptosis. They play key roles in response to stress conditions such as
thermal stress, parasite infections and heavy-metal exposure, and protect organisms
against environmentally induced cellular damage (Devaney, 2006; Grabner et al., 2014).
Inhibitors of Hsp90 and Hsp70 were investigated as targets for treatment of cancer and

parasitic diseases (Edkins and Blatch, 2012). Ubiquitous in all species and highly
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conserved, Hsps provide a useful model for evolutionary studies (Gupta, 1995). They

are classified and named on the basis of their molecular size (e.g., Hsp100, Hsp90,

Hsp70, Hsp60, Hsp40) and low molecular mass.

Hsp70 is one of the most conserved Hsps and is a multigenic family. Generally,

Hsp70 proteins are induced in response to stress, called inducible Hsp70, although some

Hsp70s constitutively expressed in cells are called cognate Hsc70 (Lindquist and Craig,

1988). Hsp70s have three functional domains. ATP-dependent chaperones have a

conserved ~44-kDa N-terminal ATPase domain, a ~18-kDa substrate binding domain

(SBD) and a ~10-kDa variable C-terminal region. The C-terminus EEVD motif of

cytosolic Hsp70s interacts with co-chaperones such as Hsp70/Hsp90 organising protein

(Hop) (James et al., 1997). Hsp70 has been characterized in a wide range of organisms,

including Pomacea canaliculata (Song et al., 2014), Brugia malayi (Selkirk et al., 1989),

Parastrongyloides trichosuri (Newton-Howes et al., 2006), and Homo sapiens (Hunt

and Morimoto, 1985). In addition, Hsp70 is developmentally regulated in many fungi,

plant, protozoa, trematode, nematode and animal species (Wang and Lindquist, 1998;

Yeh and Hsu, 2002; Kaiser et al., 2003; Bennuru et al., 2011; Yang et al, 2012), with

overexpression in certain developmental stages (Mahroof et al., 2005).

Hsp90 is the most abundant molecular chaperone in eukaryotic cells and is

responsible for the folding of other proteins. Hsp90 has multiple roles in stress

70



adaptation and development and participates in the conformational regulation of signal

transduction molecules such as tyrosine kinases and steroid hormone receptors (Dittmar

and Pratt, 1997). In addition, Hsp90 has a role in potentiating drug resistance for use in

cancer and parasitic infections (Him et al., 2009). Hsp90 exists as a homodimer, with

each monomer containing three highly conserved functional domains, namely an

N-terminal domain (25 kDa), a middle domain (35 kDa) and a C-terminal dimerization

domain (12 kDa) (Nemoto et al., 1997). The N-terminal and middle domain are

connected by a charged linker region that varies in amino acid composition and length

depending on the species. The C-terminal domain contains the MEEVD motif that

provides the binding site for a set of co-chaperone molecules (Pearl and Prodromou,

2006). Hsp90 has been cloned and characterized from a variety of prokaryotes and

eukaryotes and is essential for parasite viability, stage-specific expression, and heat

shock response as part of the life cycle (Banumathy et al., 2003; Gillan and Devaney,

2014).

Nematodes of the genus Anisakis are parasites of the alimentary tract of marine

mammals, although the infective phase (L3) is found in a large variety of fish,

cephalopods, and crustaceans worldwide (Mattiucci and Nascetti, 2006). The life cycle

is completed in aquatic ecosystems. Cetaceans (final host) and humans (accidental host)

become infected by consuming hosts containing L3 larvae. The transfer of L3 between
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fish and mammals is associated with temperature change from cold-blooded to 37°C. In

vitro cultivation of Anisakis has shown that temperature and CO, are required for

molting and survival in the digestive tract of mammals (Davila et al., 2006). However,

relatively little is known about the expression of Hsps at different developmental stages

of Anisakis nematodes.

Our previous work identified Hsp90 in Anisakis species (Chen et al., 2014). Here

we aimed to characterize Hsp70 and Hsp90 in A. pegreffii and provide gene and protein

expression profiles at different stages. We cloned, characterized and compared the

full-length Hsp70 ¢cDNA sequence of A. pegreffii and used homology modeling to

derive a 3D structure for Hsp70 and Hsp90 based on the crystal structure of yeast Hsp90

(PDB id: 2CG9) and bovine Hsp70 (PDB id: 1YUW). We discuss the evolutionary

relationship of Hsp70 and Hsp90 among protozoa, helminthes and human.

4-2 Materials and methods

4-2-1 Parasites collection and cultivation

L3 larvae of Anisakis species were collected from the spotted mackerel (Scomber

australasicus) caught in the coastal waters of Yilan, northeastern Taiwan (25° N, 121°

E). In vitro culture of L3 to L4 larvae was previously described (Iglesias et al., 2001).
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Briefly, the larvae were washed and immersed in an antibiotic-antimycotic solution for

30 min, then individually inoculated into RPMI-1640 medium with 20%

heat-inactivated fetal bovine serum (IFBS) and 1% commercial pepsin, adjusted to pH

4.0. In vitro culture was performed at 37°C with 5% CO; in atmosphere. L4 larvae were

sampled at 3 to 4 days, and the exact stage of each larva was determined daily. After

washing L3 and L4 larvae with saline solution (NaCl, 0.9%), samples were frozen at

-80°C.

4-2-2 RNA, DNA and protein extractions from single larva

Total genomic DNA and RNA from individuals was extracted by use of TRIzol

reagent (Invitrogen, Carlsbad, CA, USA), and the following procedure was previously

described (Chen et al.,, 2014). The larvae were homogenized with TRIzol and

chloroform, then centrifuged. The aqueous layer containing RNA was transferred to a

separate tube and precipitated with isopropanol. The pellet was washed in 75% ethanol,

centrifuged again, and dried at room temperature, then resuspended in nuclease and

RNase-free water. DNA was precipitated from the remaining organic layer with 100%

ethanol. The mixture was centrifuged, and the upper aqueous layer containing protein

was transferred to a new tube. The pellet was washed in 0.1 M sodium citrate in 10%

ethanol, centrifuged and dried. DNA was resuspended in Tris-EDTA buffer. Protein was
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precipitated by adding iso-propanol and centrifugation. The pellet was washed with 0.3

M guanidine hydrochloride in 95% ethanol. Protein was added to 100% ethanol, and

centrifuged again. The pellet was dried and dissolved in 1% SDS (1:1 (v/v); protein

fraction). RNA, DNA and protein concentration and quality were measured by

spectrophotometry. DNA was stored at —20°C, and RNA and protein were stored at —80

°C.

4-2-3 PCR-RFLP

Molecular genotypes of Anisakis larvac were determined by PCR-RFLP as

described (Cavallero et al., 2011). The restriction enzymes used for the PCR products of

the ITS region (ITS1-5.8S-ITS2) were Hinfl and Hhal. Digested products were

analyzed by electrophoresis in a 2% agarose gel containing ethidium bromide and

visualized by illumination with shortwave ultraviolet light.

4-2-4 RT-PCR and full-length Hsp70 ¢cDNA cloning

Each RNA sample was treated with DNase I (1 U/l, Invitrogen) to remove genomic

DNA contamination. Single-stranded cDNA was synthesized from 1 pg total RNA, with

0.5 ng dT2-15, 1.25 ul ANTP (10 mM), 1 ul RNase inhibitor (25 U/ul, Promega, USA),

and 1 pul M-MLYV reverse transcriptase (200 U/ul, Promega), topped up to 25 ul with
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nuclease-free water. The reaction was incubated at 37°C for 60 min and transferred to

ice.

To clone the Hsp70 cDNA, we designed a primer pair of A. pegreffii Hsp70 (Table

1) on the basis of the conserved nucleotide sequence of the known Hsp70 from other

nematode species. Reactions were performed in a total volume of 25 ul containing 2.5

ul 10xPCR buffer, 2 pul MgSO4 (25 mM), 2.5 pul dANTPs (2 mM each), 1 ul of A.

pegreffii Hsp70 primer (10 mM), 3 ul ¢cDNA, and 1 pl KOD Hot Start DNA

Polymerase (1 U/ul, TOYOBO, Japan). PCR was performed at 95°C for 3 min followed

by 30 cycles of 30 s at 95°C, 30 s at 63°C, 2 min 30 s at 72°C with a final extension at

72°C for 7 min. The PCR products were separated by electrophoresis, and the desired

DNA band was excised and purified with use of the QIAquick Gel Extraction kit

(Qiagen, Germany). The purified PCR products were subcloned into the pGEM-T Easy

Vector (Promega). After transfection into Escherichia coli DH5a-competent cells,

recombinants were identified by blue and white spot selection, and positive clones were

sequenced.

4-2-5 Quantitative analysis of Hsp70 and Hsp90 mRNA expression

The mRNA levels of A. pegreffii Hsp70 (ApHsp70) and Hsp90 (ApHsp90) at L3

and L4 were evaluated by fluorescent real-time PCR. cDNA synthesis was used as a
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template with the target gene Hsp90 or Hsp70 and the housekeeping gene GAPDH as a

reference. Each cDNA sample was transcribed from a RNA pool from three larvae of A.

pegreffii to increase efficiency of normalization and maximize the data obtained. For

each developmental stage, four pools were used as replicates. Reactions were performed

in a 10-ul reaction volume including 5 pl of 2x iIQTM SYBR Green Supermix

(Bio-Rad), 1 pl each primer (10 mM) (Table 1), 1 ul of 10-fold diluted cDNA, and 3.6

ul dH,O. PCR was performed at 5 min at 95°C, 40 cycles of 30 s at 95°C, 30 s at 55°C,

and 30 s at 72°C, then melting curve analysis from 65°C to 95°C was used to ensure

consistency and specificity of the amplified product. All samples were carried out in

triplicate, including a control with no template. Data are expressed as mean = SD (n =

4). Analysis of real-time PCR data involved use of Bio-Rad CFX Manager (Hellemans

et al., 2007). The level of the control and target gene were determined by the threshold

cycle number (Ct). The qPCR experiment was designed and performed according to the

MIQE guide recommendation (Bustin et al., 2009).

4-2-6 Western blot analysis of Hsp70 and Hsp90 expression

Each protein sample was pooled from three larvae of A. pegreffii to increase

efficiency of normalization, and four replicates of pooled samples were analyzed. An

amount of 15 pg total protein was applied to 10% SDS-PAGE gels, transferred to
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nitrocellulose membranes, screened with the polyclonal rabbit antibodies anti-Hsp90-a

(GTX109753; 1:1000 dilution), anti-Hsp70 alpha (GTX111088; 1:4000) or

anti-GAPDH (GTX100118, all Genetex Inc., CA; 1:2000) overnight at 4°C, washed,

then incubated with horseradish peroxide-conjugated secondary antibody

(GTX213110-01, Genetex, CA; 1:5000) for 1 h at 37°C, then visualized by enhanced

chemiluminescence (Bioman, Taiwan). Quantification was by use of an Auto-Chemi

system (UVP; Bio-Imaging Systems) and the image acquisition software Labworks 4.6.

4-2-7 Bioinformatic analysis

Protein sequence alignment involved use of ClustalW2, with results displayed by

use of BioEdit v7.2.0. The motifs of protein sequences were searched by use of MyHits.

The sequence identities of Hsp90 and Hsp70 from different organisms were analyzed by

use of the BioEdit sequence alignment editor and data were analyzed as a heatmap by

use of MeV software. Phylogenetic analyses of amino acid sequences involved the

Maximum Likelihood (ML) method within MEGA6 (Tamura et al., 2013). The

phylogenetic tree was computed by using the LG model and Gamma distribution. 3D

models of A. pegreffii Hsp70 and Hsp90 proteins were constructed by homology

modelling. First, the protein sequences underwent an NCBI BLAST search for template

structures. Two template structures, Hsp70 from bovine (PDB id: 1YUW) and Hsp90
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from yeast (PDB id: 2CG9), were selected. Model building involved use of

MODELLER v9.14 with the graphic user interface program EASYMODELLER 4.0.

The target models of Hsp70 and Hsp90 were generated and refined according to the

loop database in MODELLER v9.14. All modelled protein structures were analyzed by

use of Swiss-PDB. The modelled protein structures were generated by use of PyMOL

v1.3. Accession numbers for amino acid sequences from these organisms are in Table 2.

4-3 Results

4-3-1 cDNA cloning and characterization of Hsp70 from A. pegreffii

With the known Hsp70 sequence, we designed a specific primer pair to clone the open

reading frame (ORF) of ApHsp70, and obtained a fragment of 1950 bp encoding a

protein of 649 amino acids. The deduced amino acid sequence was 70.7 kDa with

isoelectric point 5.4. Three Hsp70 family signatures IDLGTTYS, IFDLGGGTFDVSIL

and IVLVGGSTRIPKVQ) of ApHsp70 are located at positions 9-16, 198-211 and

335-349. The putative cAMP- and cGTP—dependent protein kinase phosphorylation

sites (KKSN and KRNT, respectively), amidation site (I(GRR) and tyrosine kinase

phosphorylation site (RMVQEAEKY) are located at positions 188-191, 413-419, 74-77

and 518-526, respectively. In addition, a cytoplasmic Hsp70 carboxyl-terminal region of
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EEVD is at position 646-649.

4-3-2 Mapping and sequence comparison of Hsp70 and Hsp90

We performed sequence alignment of ApHsp70 and ApHsp90 sequences and

representative sequences from the filarial nematode Wuchereria bancrofti, the protozoan

parasite Plasmodium falciparum, and human and yeast. ApHsp70 showed high amino

acid sequence similarity with other known Hsp70s, especially in the regions of Hsp70

family signatures (I-I11), highly conserved regions present in all Hsp70 family members.

The Hsp70 C-terminal region of EEVD and the potential non-organelle eukaryotic

consensus motif (RARFEEL) were commonly found in the five species. Although

regions of homology extended throughout the amino acid sequences of the Hsp70s for

the five species, the C-terminal region showed greater divergence than the N-terminal

region (Fig. 1). Multiple sequence alignment of Hsp90 for the five species revealed five

highly conserved segments (I-V) common to all eukaryotic Hsp90 proteins. The

MEEVD motif, a highly conserved sequence, was at the C-terminus of the cytoplasmic

Hsp90 proteins. The extreme N-terminus was highly variable in all organisms,

especially human, displaying a PEETQ that is unique to vertebrate Hsp90 sequences.

We found 27 residues that were especially long in PfHsp90 at positions 227-253 and 16

residues (glutamate and lysine) not present in the other four species (Fig. 2).
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The sequence identities of HSP70 and Hsp90 of A. pegreffii and other organisms

were presented as a heatmap (Fig. 3). The identity between ApHsp70 and ApHsp90 and

other organisms was 90.7% and 92.3%, respectively, for Wuchereria bancrofti; 86.8%

and 87.3% for B. malayi; 89% and 90.2% for L. loa; 90.7% and 84.6% for N.

americanus; 90.9% and 86.6% for H. contortus; 90.7% and 86.7% for A. ceylanicum;

78.4% and 67.4% for S. mansoni; 67.9% and 59% for P. falciparum; 71.6% and 62.6%

for T. gondii; 71.8% and 63.4% for N. caninum; 71.6% and 60.6% for L. amazonensis;

71.1% and 61% for T. brucei; 74.6% and 58.7% for yeast; and 79.8% and 76.7% for

human.

4-3-3 Phylogenetic relationships

Using the amino acid sequences for Hsp70 and Hsp90, we constructed a rooted

phylogenetic tree (with yeast S. cerevisiae as an outgroup) showing the relationships

among 13 important parasitic species including seven nematode species, one trematode

species, five protozoan species and one vertebrate. The trees showed similar topologies

for Hsp70 and Hsp90, with only minor differences in the branching order of some

species clusters. Hsp70 proteins formed two clades: one grouped all nematodes,

blood-fluke and human, and a monophyletic clade grouped all protozoans. The

Ascaridida (A. pegreffii) and Spirurida (W. bancrofti, B. malayi and L. loa) formed a
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monophyletic group, and its sister cluster Strongylida (A. ceylanicum, N. americanus
and H. contortus) represented the phylum Nematoda (Fig. 4). For the Hsp90 tree, A.
pegreffii and other nematodes were clustered together and formed a sister group with
human, clustered to blood-fluke in all bootstraps, and finally formed a group
independent of protozoans. Protozoan and metazoan Hsp90 were separated and formed

two distinct branches.

4-3-4 Structural modeling of Hsp70 and Hsp90

To reveal the protein structure of Hsp70 and Hsp90 of A. pegreffii, we used the
protein sequences for a search of template structures against the Protein Data Bank. The
Hsp70 from bovine (PDB id: 1YUW) showed 87% sequence identity and 93%
similarity with ApHsp70 from residues 1 to 554. The model of ApHsp70 (Fig. 6A)
showed a Y-shaped structure and was superimposed onto the template structure of
bovine Hsp70, with root-mean-square deviation (RMSD) 0.27 A; the structure should
be highly conserved from residues 1 to 554, except for the C-termini from residues 555
to 661. The Hsp90 from yeast (PDB id: 2CG9) showed 61% identity and 79% similarity
with ApHsp90 from residues 8 to 680. The model of ApHsp90 (Fig. 6B) showed a
dimer structure and was superimposed onto the template structure of yeast Hsp90, with

RMSD 0.89 A. A long loop of ApHsp90 from residues 216 to 291 could be modelled,
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because the region in yeast Hsp90 contained no defined structure.

4-3-5 Expression of Hsp70 and Hsp90 at different developmental stages of A.

pegreffii

We determined the ApHsp70 and ApHsp90 expression profiles in A. pegreffii at L3

and L4. The mRNA levels of ApHsp70 and ApHsp90 at maximal induction were higher

at L4 than L3, by 6- and 2-fold, respectively (P <0.05) (Fig. 7A and 7B). As well,

protein levels of ApHsp70 and ApHsp90 were higher at L4 than L3, by 3- and 2-fold

(Fig. 7C and 7D).

4-4 Discussion

HSPs are molecular chaperones that are highly conserved across organisms. They have

a pivotal function in response to thermal stress and are responsible for many cellular

functions. Here, we elucidated the roles of Hsp70 and Hsp90 in the life cycle of the

parasitic nematode Anisakis, particularly at L3 and L4, the stages of transfer from

cold-blooded fish to warm-blooded marine mammals or accidentally to human hosts.

The deduced amino acids of Hsp70 of A. pegreffii showed high amino acid homology

with other nematodes. ApHsp70 and ApHsp90 shared the highest deduced amino acid
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sequence identity with other nematodes and formed a monophyletic clade. 3D structure

prediction of the newly characterized ApHsp70 and known ApHsp90 gene showed

highly conserved motifs between A. pegreffii and other species. ApHsp70 and ApHsp90

mRNA and protein levels were higher at L4 than L3, with higher mRNA and protein

expression for ApHsp70 than ApHsp90. ApHsp70 and ApHsp90 may play important

roles in response to thermal stress in Anisakis and might be important molecules in its

development.

The greatest molting and survival percentages of Anisakis were previously found

with 5% CO,, pH and pepsin, regardless of medium used (Iglesias et al., 2001; Davila et

al., 2006), with maximal development and survival of larvae obtained in nutritive

medium with 5% CO; at 37°C, as expected (Iglesias et al., 1997; 2001). We found

survival of 50 L3 Anisakis cultured in RPMI-1640 supplemented with 20%

heat-inactivated FBS and 1% pepsin, pH 4.0 and 37°C, and in air with 5% CO,, and

100% of L3 reached L4 stage between days 3 and 4.

We found high overall identity of AtHsp70 and AtHsp90 sequences with those

from a parasitic nematode species, W. bancrofti, and lower identity with three other

organisms. The typical signature sequences of the Hsp family (five for Hsp90 and three

for Hsp70) were found in the five species. The conserved C-terminal motif EEVD,

found in ApHsp70, is suggested to bind to many co-chaperones with small helical
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tetratricopeptide repeat (TPR) domains, which indicates that ApHsp70 is a cytoplasmic

Hsp (Freeman et al., 1995). ApHsp90 is a cytosolic Hsp90 because of its highly

conserved regulatory motif MEEVD and upstream of MEEVD revealing several

residues of GAEE that appear to be unique to nematodes. As well, the extended

GAEE/DASRMEEVD motifs interacted with nematode Hsp90 co-chaperones (Skantar

and Carta, 2004). One of the unique features of PfHsp90 is the presence of a long

charge acidic linker region, 27-29 amino acids longer than in yeast, human and two

nematodes. The linker region may not function as a structural connector between the

N-terminal and middle domain region and form a surface extrusion in the N-terminal

(Kumar et al., 2007).

We performed heatmap and phylogenetic tree analyses of seven nematodes species,

one trematode species, and five protozoan species that are important parasites of

humans and domestic animals and are responsible for considerable economic losses and

public health problems worldwide (Blaxter, 2003; Innes et al., 2011). The sequence

identities ranged from 86.5% to 99.5% for Hsp70 and 80.2% to 98.3% for Hsp90 in

nematodes. Protozoa are a diverse group of mostly motile unicellular eukaryotic

organisms, and the identity range is 65.8% to 98.5% for Hsp70 and 59.1% to 96% for

Hsp90. However, the identity for the blood-fluke S. mansoni and human are close to the

phylum Nematoda -- 76.7% to 80.9% and 76.7% to 80.7%, respectively, for Hsp70 and
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62.9% to 67.7% and 73.8% to 77.6% for Hsp90. This overall identity reflects the highly

conserved sequence pattern of nematodes, trematodes and human as compared with the

diverse protozoan parasites.

Hsp70 is highly conserved in both sequence and structure alignment as compared

with Hsp90. Our modeling of ApHsp70 showed 28 beta sheets and 13 helices in the

bovine homology model. The Hsp70 homologue from other organisms contains

approximately 28 sheets and 13 helices. Hsp70 may have a major role in providing

stability to proteins and maintaining homeostasis in the cell under stress conditions

(Desai et al., 2010). Structural modeling of ApHsp90 showed a long loop of ApHsp90

from residues 216 to 291. Sequence diversity of loop regions between ApHsp90 and

Hsp90s from other species might indicate a biomarker of distinction between Anisakis

and other species. We selected EKKEEEQKKEGEVEDVGEDE as a biomarker, with

sequence identity between ApHsp90 and that for other nematode species ranging from

70% to 76% and those for human and yeast 52% and 55%, repectively.

Both Hsp70 and Hsp90 are considered useful in phylogenetic analysis because they

are highly conserved throughout prokaryotes and eukaryotes (Fast et al. 2002; Chen et

al. 2006). Hsp70 is widely used as a phylogenetic marker because of highly conserved

sequences and the molecular chaperone function, combined with an ancient conserved

function, for investigating deep evolutionary relationships (Gupta and Golding, 1993;

85



Borchiellini et al., 1998). It has been used with all monophyletic groups of the Metazoa,

with available sequences consistently recovered for some species (Budin and Philippe,

1998). Hsp70 has also been used for phylogenetic analysis of different protozoan

parasites (Fraga et al., 2010) with caution, because of paralogy distorting phylogenetic

relationships (Krenek et al., 2013). Hsp90 is a proper phylogenetic marker analyzed in a

variety of organisms and has a good balance of sequence conservation and diversity. It

has distinct domain and signature sequences that allow for differentiation between

Hsp90 and other family members. As well, some potential problems that arise from use

of paralogous genes such as Hsp70 are not an issue with Hsp90 (Skantar and Carta,

2004). Much research has involved phylogenetic evaluation of Hsp90 sequences from

several nematodes (Skantar and Carta, 2004; Him et al., 2009). We found that when

comparing the phylogenies of 13 important parasitic species and human and yeast with

Hsp70 and Hsp90, tree topologies were highly concordant between species and clusters.

The Hsp90 tree topology supported groupings of nematodes with human and protozoan,

with nematode species separated and forming two distinct branches (Skantar and Carta,

2004).

Petronijevic and Rogers (1987) described the infective stages of nematodes as

being in hypometabolic dormancy and staying in this state until exposure to a suitable

response to continue the cycle. In common with most infective L3 larvae, lymphatic
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filarial worms and infectious sporozoite of Plasmodium undergo heat shock as part of

their life cycle. Hsp expression is inducible through several stages of development in

some parasites, which suggests that they play unique biological roles in certain stages of

the life cycle. The transcription levels of NbHsp70 and NbHsp90 of the parasitic

nematode Nippostrongylus brasiliensis were higher in infective L3 larvae than in other

larval stages. NbHsp70 and NbHsp90 were upregulated in old infective L3 larvae and

under heat stress, which suggested their involvement in survival of L3 larvae in harsh

environments (Arizono et al., 2011), a phenomenon similar to findings in the

Caenorhabditis elegans dauer stage (Cherkasova et al., 2000). NbHsp70 and NbHsp90

were detected throughout the nematode’s life cycle and their levels were closely

associated with development (Arizono et al., 2011). Tsdaf21/Hsp90 is highly and

consistently expressed in all stages of Trichinella spiralis as is the protein level (Yang et

al., 2013). The SjHsp70 of Schistosoma japonicum is widely expressed in all

development stages. SjHsp70 expression is higher in eggs, which are trapped in host

organs and interact directly with the host (Yang et al., 2012).

We found the mRNA and protein levels of ApHsp70 and ApHsp90 higher in L4

than L3 larvae. Hsp70 protein level was higher than Hsp90 level in L4 larvae. These

differences may be due to the different regulatory systems of Hsp70 and Hsp90 at

different development stages. Among the Hsp family, Hsp70 is one the most important
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Hsps with expression rapidly increased on exposure to heat or other stress (Lindquist

and Craig, 1988). B. malayi is transmitted by mosquitoes, which introduces L3 filarial

larvae onto the skin of the human host for development into adults. The protein level of

BmHsp70 was higher in microfilariae and adults than L3 larvae (Bennuru et al., 2011).

In Meloidogyne artiellia, Hsp90 is constitutively expressed in all stages but was at

higher levels in eggs and L4 larvae (De Luca et al., 2009). Malaria is caused by a

parasite called Plasmodium, and transmission occurs when infected mosquitoes

inoculate sporozoites into the human body. Parasites first take up residence in hepatic

cells as exoerythrocytic forms (EEFs). Hsp70 protein is highly expressed in EEFs of

Plasmodium and is barely detectable in sporozoites. Hsp70 expression could be used to

follow the transformation of sporozoites into hepatic stages (Kaiser et al., 2003). In

addition, Hsp90 has a role in P. falciparum during the parasite growth (Banumathy et al.,

2003). Hsps have a role at the parasite—host interface as a survival strategy (Feder and

Hofmann, 1999): parasites induce the chaperones as a survival strategy against

temperature and physiological changes (Sharma, 1992). Our results suggest that

ApHsp70 and ApHsp90 have a relationship with thermal stress, and L4 larvae of A.

pegreffii may have important roles in resisting high temperature. The expression of

ApHsp70 and ApHsp90 was higher at L4 than L3, which suggests that they might

participate in developmental events. Further studies are needed to confirm this
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assumption.

In conclusion, we investigated the molecular characterization and structure of
ApHsp70 and ApHsp90 for sequencing variants and phylogenetics of A. pegreffii and
other parasites. In addition, we examined the expression patterns of Hsp70 and Hsp90 at
different developmental stages of A. pegreffii. ApHsp70 and ApHsp90 may be important
components responding to heat stress during infection, and their rapid transcriptional
upregulation in L4 larvae might be important for the survival and development of A.

pegreffii.
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Table 4. 1 Primers used in cloning Hsp70 gene and real-time PCR analysis of
Anisakis pegreffii

Primer Sequence (5’ to 3”) Amplicon Reference
length (bp)

A. pegreffii Hsp70 F: ATGGTGAAACAAAACGCGGTGGGTATC 1950 This study
R: TTAGTCAACCTCTTCTATTGTCGGTCCAC

A. pegreffii_hsp70 RT F: TGCCGTTATGGAGGGTA 177 This study
R: CCAATCAATCGTTTCGTC

A. pegreffii_hsp90 RT F: CAATAAGGAGGACAAGACAATG 183 Chen et
R: AGGAACGCAGAATAGAAACC al., 2014

GAPDH_RT F: CCCCTTCATCAACATCGACT 152 Chen et

R: TCAGCTCCCCATTTGATTTC al., 2014
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Table 4.2 GenBank accession numbers of amino acid sequences of Hsp70 and

Hsp90 analyzed in this study *

Species name Hsp70 sequences Hsp90 sequence
Plasmodium falciparum AAA29626 AAA66178
Toxoplasma gondii AAC72002 AAQ24837
Neospora caninum XP 003883640 XP 003881046
Leishmania amazonensis AAAS53690 P27741
Trypanosoma brucei AAA30204 CAA32377
Schistosoma mansoni AAA29898 CCD76276
Anisakis pegreffii KF840392 ° KF840393
Brugia malayi XP 001900197 XP 001901767
Wuchereria bancrofti EJW86287 EJW88125

Loa Loa XP 003144936 XP 003135662
Necator americanus ENT71512 ETN83529
Haemonchus contortus AEO14648 ACU00668
Ancylostoma ceylanicum EYC11428 EYC13285
Saccharomyces cerevisiae AET14830 P02829

Homo sapiens ABC88476 BAF83804

a Unless noted otherwise, sequence obtained from another study

b This study

91



0 30 40 50 &0 70 80 50 100
DLGTTISEVGVFMHGKVEVIANDQGNRTTPSIVAFTDTERLIGDAARNQVAMNPENTVFDCKRLIGRRFDDAAVQSD!

A.pegreffii 89
W.bancrofti CSIE— .. ... .H. b o --c-ccccccfocscccoccocococzofclscfoccco L7, F K...GS....... 88
P.falciparum MASAKGSKPNLPESNI.I.L....... N . . WRNENED I SRS . . RIS B R K.TESS....... 100
Human = = =  ========- MATA.GI.I.}....... N...0...8. T . [ 1. #ooaoo AL K.N.PV..A...L &1
Yeast = = =  —-emem—eeeeod] MSE...}....... JAH.ANDR.DI............ e AN . S AL N.N.PE..A.... 37
Hsp70 family signature |
110 120 130 140 150 le0 170 2

H
— w
5

A.pegreffii WPFKVINAEGGKPRVQVEYKGETRTFTPEEISSMVLTRMRETAEAFLGNPVKDAVVIVPAYFNDSQROATKD SGAIAGLNVLRIINEPTAAATAYGLD
W.bancrofti  .....

P.falciparum ...T.KSGVDE..MIE.T.Q..K.L.H

Human 0.
Yeast FEH-

210

230 240

60 270 260 300
A.pegreffii GSGERNVLEFDLGGGTFDVS I IEDGIFEVRKSTAGDTHLGGEDFDNRLVNHFVAEFRREHK-KDLSTNPRALRRLRTACERAKRTLSSSSQASIEIDSL
W.bancrofti BH.N...B
P.falciparum .K..K.I.
Human Q.. . H.. . ..
Yeast E-.EH. .} ........... LB......... B AT V... ..

23%0
|

Hsp70 family signature 11

310 320 330 340 350 360 370 380 330 400

O LIPSy e [Py (U (DUt PSR [P IR [P (PP (St [Py [PNpuppy [Ppupepey [papupey [OppRy PR

A.pegreffii FEGIDFYITNITRARFEELCADLFRSTMEPVEKALRDAKMDES LMHDIVLVGGSTRIPKVOKLLSDFFSGKELNKS INPDEAVAYGAAVOAATLSGDESET
W.bancrofti  ........... -8B MR ocnooooocld NN N- BN . .cccoconooanacooMaafc B A :

P.falciparum ..... YSVTVS. . ...... JU.IKE. N..  ACR.....................- Q.NA
Human b . S. . EEEEEE—.. - 5 .. B O . YRR D) . . M..... K :
Yeast = .L...... S..EEEEEEE BB scoc B Y. . P . R T..E.SK :

480

A.pegreffii VQDLLLLDVAPLSLGIETAGGVMTALIKRNTTIPTRKT SQTFTTISDNQPGVLIQVYEGERSMTKDNNLLGKFELSGIPPAPRGVPQIEVIFDIDANGI 488
W.bancrofti s 4387
P.falciparum .00 CSLU T ool LR CECL L CLDARK . L I L DAL D D 500
Human . I . BN P - I 439
Yeast 484
510 540 550 560 550 600
A pegreffii VSAQDRSTGRQNKITITNDKGRLSKDE IDRMVQEAERYRADDDAQKERVASKNALESYAFNMRQTVADERKLKDRI SADDRRKIEERCDEITKWLDHNQTA 558
W.bancrofti [.H..H-EEE.H. EEEEEEE——. . . ...D.I.A.H.BH......H.. IE......... EE.K...Q..... TVR...G.... 3587
P.falciparum .T.VE....... E.EENRK.IEAR.S..N.CIGV.SSLE.Q.I.E.LQPAEIETCMKTITT.LE. .EK..L. ©00
Human TN . 1 . |5 v SV.S..G..G...ES.KN..LD. .N.LLS. .EV..L. 52%
Yeast H- BVERGEESS| ...I.ISL.N.ISEAG--..LEQA KDTVITK.AE.T.S...S5.T.. 382

€10 620 630 €40 €7
A.pegreffii ERDEYEHMQRELEGVCNPIITRLYQGAGGGMPGGGFPGGAPGGGAG---——--——=—====—===——-, AQSGGAGGPTIE
W.bancrofti .B.BF..R.BN.. S5...M4. .5.B8 S...-....-M. . M.S.AP.---------------mmmm— G.T.-. ...
P.falciparum G..... AK...A.S..A..MS.I..D.A.--AA..M...M... MP.GMPSGMPGGMNFPGGMPGAGMPGNAPAGS...
Human ....FD.EKR.... ---RPAT.---.. |

Yeast S.E.FDDKL...QDIA...MS....AG.A--...-RA...... FP.GA------------ ---PPAPE.E...

EEVD consensus sequence

Fig. 4. 1. Multiple sequence alignment of Hsp70 from Anisakis pegreffii with four
different organisms. Hsp70 family signature sequences (I-III) and the consensus
sequence EEVD are in boxes. The dots and gray background represent identical

residues, and gaps are indicated by hyphens.
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Fig. 4. 2. Multiple sequence alignment of Hsp90 proteins from A. pegreffii with four
different organisms. Hsp90 family signature sequences (I-V) and the consensus
sequence MEEVD are in boxes. The long loop indicated by a dashed box is from
residues 216-291. The dots and gray background represent identical residues, and gaps

are indicated by hyphens.
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Fig. 4. 3. Sequence identity of Hsp70 and Hsp90 in different organisms. Data are
presented as a heatmap. Hierarchical clustering is shown alongside the heatmap to
illustrate how the inter-sequence identities relate to the similar sequence patterns. (A)
Hsp70 and (B) Hsp90. Pf: Plasmodium falciparum; Tg: Toxoplasma gondii; Nc:
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Neospora caninum; La: Leishmania amazonensish; Tb: Trypanosoma brucei; Sm:
Schistosoma mansoni; Ap: Anisakis pegreffii; Bm: Brugia malayi; Wb: Wuchereria
bancrofti; L1: Loa Loa; Na: Necator americanus; Hc: Haemonchus contortus; Ac:

Ancylostoma ceylanicum; yeast: Saccharomyces cerevisiae; Human: Homo sapiens.
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Fig. 4. 4. Phylogenetic relationships based on amino acid sequences for Hsp70 for A.
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Fig. 4. 5. Phylogenetic relationships based on the amino acid sequences for Hsp90
for A. pegreffii and 13 important parasitic species from six other nematodes, one
trematode, five other protozoans, and one vertebrate, with yeast S. cerevisiae as an
outgroup. Numbers at each branch indicate the node percentage supported by 1,000

bootstrap replicates by maximum likelihood.
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Fig. 4. 6. Ribbon diagrams of the modelled structures for Hsp70 and Hsp90. (A)
Structure of Hsp70 based on the template structure of bovine Hsp70 (PDB id: 1YUW)
shows a Y-shape in a monomer form. (B) Modelled structure of Hsp90 was based on the
template structure of yeast Hsp90 (PDB id: 2CG9) and represents a dimer form. The
long loops indicated by arrowheads are from residues 216-291. The diagrams were

generated by use of PyMOL.
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Fig. 4. 7. RT-PCR and western blot analysis of mRNA (A, C) and protein levels (B, D)
of Hsp90 and Hsp70 at different stages (third- and fourth-stage larvae; L3, L4,

respectively) of A. pegreffii. Data are mean + SD (n=4). *, p <0.05 compared to L3.
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Chapter 5 Conclusion

The present study shows six species of Anisakis nematodes obtained from spotted
mackerel S. australasicus in coastal waters of northeastern Taiwan, and new host and
locality records were provided for A. paggiae, A. physeteris and A. brevispiculata. The
presence of A. pegreffii was the most prevalent species in examined fish, and human
could have zoonotic disease 'anisakiasis' by eating raw or undercooked infected fish.
The morphological characterization is unreliable for the identification of anisakid larvae
to species. However, the application of PCR-RFLP markers (endonucleases Hinfl and
Hhal) proved to be an essential tool in correct identification of the species level and
rapid diagnosis of human anisakiasis. We report for the first time the full-length cDNA
sequence of Hsp90 and the molecular characteristics of this gene in five species of the
genus Anisakis. In an experimental approach, we have examined the expression patterns
of Hsp90 at different time-temperature combinations in A. pegreffii. Our findings
suggest that the expression of Hsp90 in Anisakis larvae might respond to heat stress. On
the contrary, the expression levels of Hsp90 did not change significantly at low
temperature. Relative protein expression profiles of Hsp90 during exposure to heat
stress showed similar trend as observed in the relative mRNA level expression.
Therefore, expression of Hsp90 in Anisakis nematodes was found to be sensitive to

temperature variation and might enhance their tolerance to environmental stress. We
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extended our studies to other Hsp and have shown that Hsp70 and Hsp90 are possible

roles in development. We investigated the molecular characterization and structure of

ApHsp70 and ApHsp90, and would be helpful to sequence variants and phylogenetic

evaluation between A. pegreffii and other parasites. In addition, we have examined the

expression patterns of Hsp70 and Hsp90 in different developmental stages of A.

pegreffii. Our results observed that rapid transcriptional up-regulation of ApHsp70 and

ApHsp90 in response to fourth-stage larvae than infective third stage larvae. Our

findings suggest that ApHsp70 and ApHsp90 are not only important component against

heat stress but also might be important for survival and development of A. pegreffii.

In the future, it has to be verified whether the Hsp70 gene respond to different

temperature tress, such as cold stress. We further hope to establish a life cycle of

Anisakis, and can easily obtain different developmental stages including larval stage

(L1-L4), female and male adult worms, allowing further studies to detect the expression

patterns of Hsp70 and Hsp90 in all stages. The potential roles in sustaining the

developmental regulation of Hsp70 and Hsp90 gene need to be further confirmed using

additional technique, such as RNA interference. It has yet to be investigated whether

Hsp70 and Hsp90 participate in the infection process.
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