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ABSTRACT

Parasitic nematodes of humans and other animals cause diseases of major global socio-
economic importance, collectively known as neglected tropical diseases. These organisms
are able to overcome the sophisticated host immune response mechanisms to colonize,
mature and reproduce within the host. An in-depth understanding of parasite genomes,
host-parasite relationships, the molecular biology of parasites and their functional
annotation can help identify therapeutic molecular targets in helminths, from the discovery
of novel genes for parasite control with minimum host side effects. With only a few
nematode genomes completely sequenced, analysis is carried out with transcriptomic data,
which requires a number of computational methods for their pre-processing, clustering,
assembly and annotation to yield biologically relevant information. This thesis highlights
improved bioinformatics approaches to analyse transcriptomic data from Expressed
Sequence Tags (ESTs), and their application to parasitic nematodes. I first conducted a
comprehensive review of the steps involved in transcriptome data analysis for the
development of new semi-automated bioinformatic pipelines and their application to
parasitic helminths. With the advent of Next-Generation sequencing technologies, my
focus was to incorporate the assembly and annotation of short reads, and to concentrate on
identifying molecules, especially excretory/secretory proteins (ESPs) involved in key

biological processes or pathways that might serve as targets for new drugs or vaccines.

I carried out a preliminary analysis on Fasciola hepatica, a parasitic flatworm that causes
the disease, fascioliasis, and also infects the liver of various mammals, including humans,
leading to liver cancer. By integrating transcriptomic data with proteomic analysis
emphasizing on proteases, | have been able to understand the complexities involved in the
ability of a developing parasite to sustain itself within the mammalian host. The analysis
revealed that a number of non-classically secreted proteins were identified by proteomics

but not by bioinformatics, to be addressed in the design of a new analysis pipeline.

To benchmark current bioinformatics tools for transcriptome analysis for the new analysis
pipeline, I then carried out large-scale analysis of the adult stage of Teladorsagia

circumcincta (407357 raw ESTs), a parasitic nematode of sheep and goats.

Based on the benchmarking results, a robust transcriptome analysis pipeline

(TranSeqAnnotator) has been developed, with contig generation from ESTs and short

Xi



reads, updated pathway analysis, non-classically secreted protein identification and
extensive annotation. The pipeline accepts ESTs, quality values, protein sequences and
short reads as input and provides as output, assembled contigs and singletons and their
annotations including Gene Ontologies, secretory proteins, mapping to protein domains,
motifs, metabolic pathways and interaction databases. ESPs are predicted by a combination
of computational approaches to effectively identity proteins secreted by classical and non-
classical pathways. The pipeline is available as web service and can be downloaded for

local installation.

As part of evaluating the pipeline, I carried out an in-depth analysis of transcriptome from
a nematode parasite, Ascaris lumbricoides. Results from the pipeline for the analysis of
short read sequences of the fourth larval stage of Teladorsagia circumcincta (507,124
sequences) are compared to the adult stage EST annotations, as a large-scale application of

TranSeqAnnotator.

Xii



Chapter 1: Introduction and literature survey

1.1 Overview

The study of genes and gene products helps in the understanding of the basic principles of
biology at molecular and cellular levels. This ease the understanding how genes and their
products interact to play a vital role that drives cellular mechanisms. Genes contain the
instructions which code for a particular protein and are considered as the working subunits
of DNA, which carries the instruction while the gene product, either RNA or protein are
the biochemical material obtained as a result of expression of a gene. DNA are transcribed
into corresponding RNA, referred as transcripts for carrying the instructions. The
collections of these transcripts in a cell are termed transcriptome. Hence, a comprehensive
analysis of transcriptome is considered important to comprehend an organism along with
the genome and proteome analysis. In this thesis, new and updated bioinformatic
approaches and tools are applied for the study of helminth transcriptome which helped to
identify several novel and known genes with therapeutic experimental validations. At the
start, a brief history of helminths, with special reference to parasitic nematode and their life
cycle is presented. Following this, immune response and anti-parasite vaccine with the
highlight in excretory/secretory products are described. The transcriptome of parasitic
helminths/nematodes with the details on EST data analysis, their generation and annotation
focussing on their potential role as the therapeutic targets for parasite control is provided.
The framework of EST analysis pipelines and the current bioinformatic tools paves the

way for the specific objectives for the thesis.

1.2 Brief history of Helminths

The worm-like parasitic helminths, a division of eukaryotic parasites are known to infect
more than two billion people worldwide [1]. These complex multicellular organisms live
and feed off living hosts to sustain themselves and perturb their host’s nutrient absorption
thus causing weakness and disease. The study of parasitic worms and their effect on their
hosts is called Helminthology [2]. Contaminated water, soil, or food play a vital role in the
spreading of these organisms based on the parasite species with more than one-third of
human population considered to carry these organisms. The helminths prefer to restrict
their selection of host with a preference to live in different locations of their host like
intestine, liver, lumen, bile ducts, lungs or blood stream and they have mechanisms,

obtained as a result of coevolution, with an emphasis on host-parasite relationship that



prevent their eradication by cellular immune responses by controlling the host’s immune
system. Recent studies of worm genomes reveal that the factors and receptors of worms
show homology to molecules of the human immune system [1]. Worms have fully
developed organs and complex tissues compared to bacteria and viruses [1, 3]. Infected
individuals bare three life-cycle stages of heminth; infective larvae, adult worms and
transmission stage parasites (eggs, immature larvae or microfilariae) [4]. These life-cycle
stages are proved to be molecularly different both in proteomic [5] and DNA microarray

[6] studies, and are believed to induce stage-specific immune responses.

1.3 Types of parasitic worms or helminths

Parasites that live inside the host body are called endoparasites, being the ectoparasites
attached themselves to the outer parts of the host. Helminths are classified as Flukes
(Trematodes), Tapeworms (Cestodes), Roundworms (Nematodes; including pinworms and
hookworms) based on the external and internal morphology of egg, larval, and adult stages
[2]. Worms that inhabit the interior of humans are the nematodes (roundworms), the
platyhelminths (flatworms) which have distinct evolutionary histories and the annelida,

which are segmented worms, with bodies divided into segments, or rings Figure 1.1 [7].

There are two classes of human flatworms called trematodes (flukes) and cestodes.
Helminths fail to sustain human migration due to the genetic differences in the human host
which have no association with human illness (e.g., Trichuris suis) [1]. A few other animal
helminths cause pathology in humans like Toxocara canis (dog ascarid), Dirofiliaria

immitis (dog heartworm), and Trichinella spiralis.

1.3.1 Flatworms or platyhelminthes

Platyhelminthes are flattened from the dorsal to ventral surfaces and include the classes
Trematoda and Cestoda. Trematodes or flukes are leaf-shaped flatworms in their adult
stage and are hermaphroditic other than blood flukes, which are bisexual. The bodies have
ventral and oral suckers and animal is held by the sucker. Cestodes or tapeworms inhabit

the intestinal lumen and are elongated, segmented, hermaphrodites in their adult stage.

Trematodes live mainly in the venous system (e.g., schistosome species), biliary system
(e.g., Clonorchis), intestine (e.g. Echinostoma), gut (e.g., Fasciolopsis), or airway (e.g.,
Paragonimus). Cestodes include intestinal tapeworms like Diphyllobothrium latum (fish

tapeworm), Taenia saginata (beef tapeworm), and Taenia solium (pig tapeworm).
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Figure 1.1: The classification of helminths — nematodes and platyhelminths

Adapted from Brindley et al. [7], with species relevant to this thesis added in blue.

1.3.2 Roundworms (nematodes)

Nematodes or roundworms (Phylum Nematoda from Greek (nema): "thread" +-ode "like")
known to be the most abundant multicellular animals on earth, inhabit in the intestinal and
extraintestinal sites and are bisexual, cylindrical worms in their adult and larval stages.
They are known to be diverse in morphology, size (adults from less than a millimetre to
over 6 metres), life cycles (from parthenogens to complex cycles of alternating sexual
strategies), and ecology (including parasites of almost all other large multicellular
organisms, plant and animal) [8]. Over a million nematode species on earth have been
reported in recent studies though only 25,000 species have been described [9] as a result of
their ability to adapt, small size, resistant cuticle, and simple body plan [10]. The phylum
nematoda has a large variation in genome size ranging from 50-250Mb [11], due to high
rate of large, spontaneous deletions [12]. They seem to have a well-defined digestive,
nervous, excretory and reproductive systems, but lack a discrete circulatory or/and the
respiratory system. Based on phylogenetic analysis of 53 small subunit ribosomal DNA
sequences from a wide range of nematodes, evolutionary classifications of the nematodes
are proposed (Table 1.1) [13]. The view of phylum nematoda shows three major branches,
the Enoplia, Dorylaimia, and Chromadoria [8]. On the whole, there are five proposed
clades: Clade 1 - Dorylaimia, Clade II - Enoplia, Clade III - Spirurina; Clade IV -
Tylenchina; and Clade V — Rhabditina (Figure 1.2).
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Figure 1.2: The classification of the phylum Nematoda.

Adapted from Blaxter’s recent review [8], with species relevant to this thesis added in blue.

The diversity of nematodes is approached through comparative genomics, by sequencing
of expressed genes of the target species, and transcriptome approach [8]. Studies report
almost 60 transcriptome datasets generated for free-living, animal-parasitic, and plant-
parasitic species [14]. The best known nematode is Caenorhabditis elegans, subject of the

studies which granted the Nobel Prize for Physiology and Medicine in 2002 to Sydney



Brenner along with H. Robert Horvitz and John E. Sulston for their discoveries concerning
"genetic regulation of organ development and programmed cell death" in that experimental

model system. C. elegans is discussed in depth, later in this chapter.

Table 1.1 Taxonomy of the phylum Nematoda. Adapted from Blaxter’s review [13]

Scientific classification

Lineage( full )

cellular organisms;

Eukaryota;

Fungi/Metazoa group;
Metazoa;
Eumetazoa;
Bilateria;
Pseudocoelomata;

Nematoda

e )
1II![IIHIlTll||'I|||||'1--—|.H|lH'n”“'!'lﬂlll‘lﬂHH]E

Figure 1.3: Trichuris trichiura (roundworm)
This human parasitic roundworm causes trichuriasis when infecting human large intestine

(http://www.latech.edu/ans/faculty-staff/liberatos-james-d/parasite-pictures.shtml).

1.4 Brief introduction to parasitic nematodes

Parasitic nematodes impose burden for significant public health and economy worldwide

as they cause diseases and are known to infect humans, other animals and plants. Animal



and plant parasites can cause massive production or economic losses to farmers as well as
to animal and plant industries [15], and are responsible for a range of “neglected tropical
diseases”, such as ancylostomatosis, necatoriasis, lymphatic filariasis, onchocerciasis,
ascariasis and strongyloidiasis in humans [16-18]. Development of diagnostic tests and/or
safe anti-parasitic compounds could be achieved with a better understanding of parasite
genomes, host—parasite relationships and the molecular biology of parasites along with the
functional annotation of parasite genomic sequence. An example of human parasitic

nematode Trichuris trichiura is shown in Figure 1.3.

1.5 Life cycle of parasitic nematodes and their control

The parasitic nematode life cycle depends on the type of the host they feed on and the
involvement of vector for transmission and also, differs in the presence or absence of free-
living stages and intermediate hosts. Parasitic nematodes generally invade a new host by
penetrating the host skin or mucous membrane by larvae or by the ingestion of mature
infectious eggs or larvae. They tend to have multiple stages and alternate between host and
regions in their host’s body. In general there are six stages; an egg stage, four larval stages
(L1, L2, L3, and L4 - each of which is followed by a molt or shedding of the skin, to
facilitate growth) and an adult stage. The third larval stage (L3) is usually considered to be
the infectious stage with respect to their host. Soil-transmitted intestinal parasitic
nematodes adopt a direct life cycle, where the eggs or larvae exit the host in faccal material
and then continue to develop in the soil, where they become infective. Parasitic nematode
life cycles vary from free-living nematodes, inhabiting different hosts as well as diverse
host organs, and their breeding system can be parthenogenetic or hermaphroditic [19].
They complete a new developmental stage inside each host showing different levels of host
specificity at each stage. A summarized (generic) life cycle of parasitic nematodes

(females and males) is illustrated in Figure 1.4.

Effector response directed against the parasite can be influenced with the life-cycle
variation and antigen expression [4]. Life cycle patterns in general are phylogenetically
conserved, and the variation in the type of hosts chosen by the parasite suggest the
mechanisms that influence biogeographic variables [20]. Infections with parasitic worms
are treated with anthelmintic drugs to both flatworms, such as flukes and tapeworms; and
roundworms, such as nematodes. An alphabetic list of major parasitic nematodes of

humans, other animals and plants are given in Table 1.2.



Adult stage

Figure 1.4: A generic life cycle for parasitic nematodes.

Table: 1.2 Nematodes parasitic in humans, other animals and plants (listed

alphabetically for each host group) and their principal (definitive) hosts.

Principal

No. Nematode Common name or | |definitive] host| Disease or common
Parasite description name of disease
or host group

Animal host

1 Ancylostoma Old World Humans, cats | Hookworm disease
duodenale hookworm and dogs

2 Ancylostoma Hookworm Human, dog Hookworm disease
ceylanicum and cat

3 Ascaris Common Human Ascariasis
lumbricoides roundworm

4 Brugia malayi Filarial worm Human Lymphatic filariasis

(elephantiasis)

5 Necator Hookworm Human Hookworm disease

americanus




Principal

No. Nematode Common name or | [definitive] host| Disease or common
Parasite description name of disease
or host group

Animal host

6 Onchocerca NA Human Onchocerciasis
volvulus (river blindness)

7 Strongyloides NA Human Strongyloidiasis
stercoralis

8 Trichinella spiralis | Trichina Human, rats, Trichinellosis

canids, pigs

9 Trichuris trichiura | Whipworm Human Trichuriasis

10 Wuchereria Filarial worm Human Lymphatic filariasis
bancrofti (elephantiasis)

11 Ancylostoma Canine hookworm Dog Hookworm disease
caninum

12 Ascaris suum Large common Pig Ascariasis

roundworm of pigs

13 Dirofilaria immitis | Canine heartworm Dog Heartworm disease

14 Dictyocaulus Lungworm Cattle Dictyocaulosis,
viviparus parasitic bronchitis,

husk

15 Haemonchus Barber’s pole worm | Small Haemonchosis

contortus ruminants

(sheep, goat)

16 | Litomosoides Filarial worm Rodent Rodent filariasis
sigmodontis

17 | Nippostrongylus Intestinal parasite of | Rodent Nippostrongylosis
brasiliensis rats

18 Ostertagia Brown stomach Cattle and Ostertagiasis
ostertagi worm of cattle other bovids

19 Oesophagostomum | Nodule worm of pigs | Pig Oesophagostomiasis

dentatum




No.

Nematode

Parasite

Common name

or description

Principal
[definitive] host

or host group

Disease or common

name of disease

Animal host

20 Onchocerca NA Cattle Onchocerciasis
ochengi
21 Parastrongyloides | Intestinal parasite | Possum -
trichosuri of Australian
brush-tail(ed)
possum
22 | Strongyloides ratti | NA Rat Strongyloidiasis
23 Teladorsagia Brown stomach Small ruminants | Ostertagiasis
circumcincta worm (sheep, goat)
24 Toxocara canis Common Dog Toxocariasis (larval
roundworm of toxocariasis in
dogs intermediate host)
25 Trichuris muris Murine Rodent Intestinal diseases
whipworm
26 Trichuris vulpis Canine Canids Trichuriasis
whipworm
27 Trichostrongylus Black scour worm | Sheep and goat Trichostrongylosis
vitrinus
Plant host
1 Globodera pallida | White cyst Tomato, eggplant | Potato cyst disease
nematode, Potato
cyst nematode
2 Globodera Potato cyst Potato, tomato, Potato cyst disease,
rostochiensis nematode eggplant yellowing or wilting
of foliage
3 Heterodera Soybean cyst Soybean Soybean cyst disease,
glycines nematode yellow dwarf




Nematode Common Principal Disease or
No. name or [definitive] host or | common name of
Parasite
description host group disease
Plant host
4 Heterodera Sugar beet cyst | Sugar beet, cabbage, | Sugar beat cyst
schachtii nematode cauliflower, brussel | disease, stunted,
sprouts, mustard, wilt
radish, spinach,
chard
5 Meloidogyne Peanut root- Peanut, vegetables, | Root-knot disease,
arenaria knot nematode | grasses, fruit, large galls on roots,
ornamentals and pegs, pods and
tobacco runners
6 Meloidogyne Columbia root- | Various plants, Root-knot disease,
chitwoodi knot nematode | including potato, nematode-induced
barley, wheat and blemish in tubers,
alfalfa stunting
7 Meloidogyne Northern root- | >500 plant hosts, root-knot disease,
hapla knot nematode | including clover, galls on roots; poor
vegetables, alfalfa growth; shortened
and ornamentals lifespan of the vine
8 Meloidogyne Cotton Root- | Cotton, tobacco, Root-knot disease;
incognita knot Nematode | peanut and fibre causes wilting of
crops the infected plant
leading to death,
Blackshank of
tobacco
9 Meloidogyne Root Knot >770 species includ- | Root-knot disease
Jjavanica Nematode ing peanut, sugar-
cane and fibre crops
10 | Meloidogyne Coffee root- Coffee Coffee root-knot
paranaensis knot nematode disease resulting in
decline and dieback
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Principal
Nematode Common name Disease or common
No. [definitive] host
Parasite or description name of disease
or host group
Plant host
11 Pratylenchus | lesion nematode; | Apple, cherry, Necrotic lesions and
penetrans meadow peach chlorosis
nematode
12 Pratylenchus | Walnut meadow | Apple, cherry, Invades the cortex of
vulnus nematode or peach roots, tubers, and
Walnut root- results in necrotic
lesion nematode lesions
13 Radopholus Burrowing Banana, citrus Migratory
similis nematode endoparasite; causes
spreading decline
14 Xiphinema Dagger nematode | Grape Root stunting and tip
index galling

1.6 Anthelmintics

The infections with parasitic worms are treated with anthelmintic drugs. They are known to
form the basis for modern nematode control, which are classified on the basis of similar
chemical structure and mode of action. The most important, extensively used and
commercially available anthelmentics are classified into three chemical families; the
benzimidazoles (BZs); levamisole and other imidazothiazoles (LEV); and the macrocyclic
lactones (MLs), which includes piperazine, benzimidazoles, levamisole, pyrantel and
morantel, paraherquamide, ivermectin (macrocylic lactones and milbemycins), emodepside
(cyclodepsipeptides, PF1022A) [21]. Another class of drugs known to be recently
discovered, the amino-acetonitrile derivatives (AADs) have been launched onto the small
ruminant market in New Zealand and in the UK [22]. Immune heterogeneity is considered
to arise from both the environment in which the immune response develops and from hosts
and parasites in isolation. This further highlights the impact of anti-helminthic treatment
[23]. Besides the economic effect on health system, anthelmintic resistance has been
reported in livestock and is likely that this event occurs in parasites of humans and plants

[24, 25]. A profound knowledge of host-parasite interactions and understanding of
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candidate genes would help in developing intervention stratergies, including vaccine

design.

1.6.1 Anthelmintic resistance

Anthelmintic resistance is defined as the ability of parasites to survive the drug dose that
could kill them. Its nature is heritable and non-reversible [25]. A parasite will normaly be
resistant to all anthelmintics within a class if it has been resistant to one anthelmintic in
that drug class which is termed as side resistance [26]. Drug resistance has grown rapidly
to the all three classes of drugs and is a major threat to livestock production in many parts
of the world [27, 28]. The anthelmintic resistance development is facilitated by the large
population size and inherent high genetic inconsistency, and compounded by the

movement of their host species [29].

1.7 Immune system

Helminth parasites show varied challenge to immune system and their ability to modulate
the immune system describes their permanence in the mammalian host [23, 30]. The
immune system is generally divided into the innate and adaptive immune system. The
innate immune system uses the pattern recognition of molecules foreign to the host to
defend the host from infection in imprecise method with information of cells and

mechanisms that defend the host.

The adaptive immune system employs T and B cells, recognizes specific antigens and
confers long-lasting protective immunity. Cytokines that drive, modulate or suppress
immune responses are the molecules made by cells of immune system which include
effector T cells (Thl, Th2, Th17), regulatory T cells (Treg, Trl, Th3), dendritic cells, and
alternatively activated macrophages among others. Intestinal T-cell responsiveness to

various mitogens and antigens are suppressed with worm infection [1].

1.7.1 Host immune response

Immune response developed during chronic infections often lead to pathologic changes
which become the primary cause of disease. The cytotoxic effects of immune response is
evaded with the newly developed mechanisms as part of long-term survival of helminth
parasites within mammalian hosts [31]. Current chances of development of immunological
disorders, such as autoimmunity and allergy, with the helminth infections are other major

issues, with the highlight of the association of helminth infections and immune
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responsiveness to allergens and/or allergic symptoms are considered as interesting areas of
study [32]. The study of immune response paves way for the development of anti-parasite

vaccines [33].

1.8 Anti-parasite vaccines

The control of parasitic infections with vaccines is another focus of study. Vaccines are
considered environmentally friendly, being non toxic to dung and marine flora and fauna
[34-36]. They are preferred over anthelmintics as they leave no chemical residues over
food products. The commercially available anti-parasite vaccines include the vaccines for
parasitic protozoa and use of live attenuated parasites [34, 37], and Bovilis Lungworm
(Huskvac), formerly known as 30 Dictol, the nematode parasite vaccine for vaccinating
calves against the lungworm Dictyocaulus viviparous. Presently, the nematode vaccine
work concentrates on H. contortus. In the case of sheeps, exposing them to antigens like
excreted or secreted by the parasite products (ESP) could help to determine the immunity
that develops in sheep due to nematode infection, and can be studied with natural antigen
candidates. Current vaccine discovery is based on the use of “hidden antigens” that reside
on the gut surface of the parasites [38] and are known to be effective against blood-feeding
parasites, the cattle tick, Boophilus microplus and in H. contortus [37, 39]. Vaccines
should have a wide range of activities to contend against anthelminthics and also be able to
give protection against at least the three major parasites of sheep, namely H. contortus, T.

circumcincta and Trichostrongylus spp. [34].

1.9 Excretory/Secretory Products (ESP)

Parasitic helminths excrete or secrete a variety of molecules into their mammalian hosts.
ESP represent a fraction of the full genomic complement, and are released by live parasites
which can hinder the host immunity from initial recognition to end-stage effector
mechanisms and are easily accessible to the immune system of the host as they are released
from parasites into their surrounding environment. ES proteins play vital role as mediators
and/or regulators of cellular and/or humoral immune responses, and also contribute to
immune evasion strategies of the parasites with mechanisms like shedding of surface-
bound ligands and cells, alteration of lymphocyte, macrophage and granulocyte functions
and modulation of complement and other host inflammatory responses [40-44]. Molecular
and genomic studies on large sets of secreted proteins from the plant-parasitic and
human/animal-parasitic nematodes help to understand the secretions from the nematodes

which are vital in invasion and establishment in the host [45]. Biochemical,
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immunological, proteomic, transcriptomic analyses are carried out for all ESP irrespective
of their physiological origin to determine the function of several secreted proteins
involving cloning, recombinant expression and production of neutralising antibodies.
Interactions between parasites and the host immune system is better understood with the
combined study of proteomics and genomics [40]. The difficulties involved for a
developing parasite to sustain itself within the host could be studied by integrating
transcriptomic and proteomic analysis [46]. The N-terminal signal peptide cleavage and the
absence of a transmembrane domain are the key factors in the prediction of excreted or
secreted proteins. The study of EST datasets from parasitic helminths helps in predicting
the putative ES proteins by direct sequence comparisons with known secreted proteins
experimentally identified and characterised for a wide range of eukaryotic proteins [47-
49]. Some secreted proteins like fibroblast growth factors (i.e. FGF-1 and FGF-2),
interleukins (i.e. IL-1) and galectins proved experimentally to be secreted through a ‘non-

classical’ secretory pathway and thus do not possess a N-terminal signal peptide [50, 51].

1.10 Transcriptome of parasitic helminths

Genome made up of deoxyribonucleic acid (DNA), the winding molecule that contains the
instructions needed to build and maintain cells includes both genes and the non-coding
sequences of the DNA/RNA. DNA is transcribed into corresponding molecules of
ribonucleic acid (RNA), referred as transcripts to carry these instructions. The collection of
the transcripts in a given cell is named transcriptome. The total protein complement of a
genome is termed proteome, while the fraction of the genes expressed as mature mRNA
from any genome at a given timepoint is termed transcriptome, which represents a small
precentage of genetic code that is transcribed into RNA molecules, less than 5% of human
genome [52]. Transcriptome study helps to determine what genes are active at various
stages of development. The snapshot of the transcriptome from any cell, tissue or organ is
obtained by making libraries of all expressed genes for an organ or developmental stage, a
complementary DNA (cDNA) library. From either the 3° or 5' end of each cDNA clone, an
adequate number of clones are sequenced resulting in the generation of expressed sequence
tags (ESTs). ESTs can be used to produce probes to decide the presence or absence of
similar transcripts in other tissues. This gives an outline of many genome projects with

generation of new EST datasets and being deposited in public databases.
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1.10.1 Expressed Sequence Tags (ESTs)

Expressed sequence tags or ESTs are short, unedited, randomly selected single-pass
sequence reads of approximately 200-800 base pairs (bp) derived from complementary
DNA (cDNA) libraries, providing a low-cost alternative to whole genome sequencing.
ESTs represent a small region or a part of nucleotide sequence from a transcribed protein
coding or non-coding messenger RNA (mRNA). ESTs play vital role in gene identification
and verification of gene prediction as they represent the expressed region of a genome. So
far almost 45 million ESTs have been generated from over 1400 different species of
eukaryotes. With the advent of high-throughput sequencing, EST projects are used to either
complement existing genome projects or serve as low-cost alternatives for purposes of
gene discovery [53]. ESTs were used as the primary source for human gene discovery in
early 1990s [54]. A detailed description of EST generation, through cDNA library
construction and normalization applied to remove redundancies in EST dataset were later
provided which arose exponential growth in the generation and accumulation of EST data

in public databases [55].

Earlier, sequencing of organisms with large genomes used to be expensive and whole
genome sequencing (WGS) was impractical hence ESTs were generated to complement
genome sequencing as an alternative, earning the label of the ‘poor man’s genome’ [56].
Presently ESTs enable gene discovery, complement genome annotation, aid gene structure
identification, transcript profiling, guide single nucleotide polymorphism (SNP)
characterization, phylogenetics and facilitate proteome analysis [56-58]. The recent release
of “next-generation” sequencing techniques which generate millions of sequencing reads
of 35-250 bp has revolutionize the depth of transcriptome data mainly for neglected

organisms.

ESTs can be generated from a tissue, an organ or a cell of interest and also at different
developmental stages. Generation of ESTs from mRNA is described briefly, with the

different steps involved summarised in Figure 1.5.

Every gene encoded as DNA is transcribed into mRNA by the process called transcription,
which in turn serves as a template for protein synthesis, a process called translation.
mRNA are very unstable and transient outside of a cell and cannot be cloned directly. They
represent copies from expressed genes, excluding the untranslated regions and the intronic

segments present within many genes. Hence these sequences are reverse transcribed to
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double-stranded ¢cDNA using a specialized enzyme, the reverse transcriptase, resulting in
cDNA, which are cloned to make libraries representing a set of transcribed genes of the
original cell, tissue or organism. Later these cDNA clones are sequenced randomly from
both directions in a single-pass run, with no validation or full-length sequencing, to obtain

5’ and 3’ ESTs.
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Figure 1.5: Illustration of steps involved in EST generation. Genomic DNA is
transcribed to mRNA. The information on mRNA is copied onto cDNA which results in

cDNA libraries. 5’ and 3’ ESTs are generated from such cDNA libraries.

1.10.2 Next Gen Sequencing

Next generation sequencing (NGS) technologies allow massive parallelised sequencing of
genomes has substantially reduced the costs of generating large sequence datasets [59, 60].
During DNA synthesis (sequencing-by-synthesis), the entire genome is broken into small
pieces followed by ligation of these pieces to designated adapters for random reading and
hence called massively parallel sequencing [61]. Currently available NGS platforms
include the 454 Life Sciences/Roche ([62]; www.454.com), Solexa/Illumina
([63];mwww.illumina.org) and SOLiD (Supported Oligonucleotide Ligation and
Detection) ([64]; www.appliedbiosystems.com). Two other recently introduced

technologies are, Polonator G.007 and the Helicos HeliScope platforms NGS, which
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generates short sequences when compared to that generated by Sanger sequencing in terms
of different base read lengths, different error rates, and different error profiles relative to
Sanger sequencing data and to each other. 454/Roche platform uses the sequencing-by-
synthesis approach to generate long reads (100-600 bp) and is used for de novo genomic
and transcriptomic studies. The next introduced Illumina, formerly called Solexa sequencer
generates billions of bases per run. It is considered best for re-sequencing projects, single
nucleotide polymorphism (SNP), targeted sequencing, gene transcription studies and has
different features compared to the 454 approach [63]. Recently introduced Illumina
platform has similar chemistry to the 454 technology. Its ‘two-base-calling’ technique
provides accurate base calling thus, helping the sequencing errors. Application of SOLiD
system is similar to [llumina as they generate short read lengths. NGS would help to
overcome the drawbacks of the studies conducted with genome-wide association study
(GWAS) with the focus on sample size, limitation of arrays for certain genetic variations,
and/or heterogeneity in phenotype [65]. Numerous studies have been carried out with the
advent of NGS technology mainly in the areas of population genetics, systematic,
molecular biology of pathogens including protozoa [66-68], bacteria [69], viruses [70],
arthropods [71], nematodes [72, 73] and trematodes [74, 75]. The new genomic
technologies helped in the study of genes or genomic regions involved in pathogenesis of
human diseases which would lead to the advancement in genetic medicine and help in
improvement of human health [76, 77]. The second complete individual genome (of James
D. Watson) is marked as the first human genome sequenced using the new NGS
technology [78]. The 454 technology was used for de novo sequencing of transcriptomes
of trematodes like Fasciola hepatica, Clonorchis sinensis and Opisthorchis viverrini [74,
75]. The short read strategy of NGS has led to many challenges for bioinformatic analysis
in data storage and management solution and creating informatic tools for analysis based
on the sequence quality scoring, alignment, assembly, and data processing with their
functions in the areas of alignment of reads to a reference sequence, de novo assembly,
reference-based assembly, base-calling and/or genetic variation detection (such as SNV,
indels), genome annotation, and utilities for data analysis [79, 80]. Recent studies with
bioinformatic analysis and 454 approach of the transcriptome data at different development
stages and sex of important parasitic nematodes like 7. colubriformis, H. contortus, N.
americanus and O. dentatum [81-84] are very similar to EST analysis, with specialized

programs for clustering and assembly.
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1.11 Study of nematode parasites using Caenorhabditis elegans data

C. elegans, the most remarkably studied free-living nematode, found in soil and compost
heaps was the first multicellular organism for which a complete genome sequence was
generated and remains the only metazoan (animal) for which the sequence of every
nucleotide (i.e. 100278 047 nt) has been determined at high confidence levels. The
genome of C. elegans was estimated as ~97 Mb in size in 1998, with five autosomal and a
single sex chromosome [85]. Due to its short lifecycle (~3 days) and easy to culture in
vitro with simple anatomy with 959 somatic cells in the hermaphrodite and 1031 in the
male, C. elegans is considered suitable for the study of genetic changes, genome, biology,

physiology, biochemistry, as well as the localization and function of molecules [86].

C. elegans genome and proteome are compared to transcript data generated for parasitic
nematodes to identify homologues and assign putative functions [87-94]. The B. malayi
draft genome was annotated using the C. elegans genome [95]. The study of gene function
in metazoan organisms has led to the detailed information of the functions of ~96% genes
in C. elegans, with the introduction of the technique of RNAI interference [96-101]. RNA
interference (RNA1), a mechanism that inhibits gene expression at the stage of translation
or by hindering the transcription of specific genes is well established for most of the C.
elegans genes. RNAIi phenotypes, non-wild-type or loss-of-function C. elegans suggest the
importance and function(s) of homologous genes in other parasitic nematodes where
obligate parasitic life cycle, the lack of an effective in vitro culture system and/or an assay
for RNAi make high-throughput screening have proved to be impractical [102]. Presently,
wormbase [103] contains the detailed and curated information on ~19,000 C. elegans
genes and association data, including the details with regard to cells and tissues, mutants
and their phenotypes, transcription/expression profiles in different developmental stages,
genetic and physical maps, information on gene-gene, and protein-protein interactions,
SNPs and also, the peer-reviewed literature pertaining to C. elegans. Studies reveal that the
C. elegans genes homologous in parasitic nematodes are considered to be essential for
parasite survival and growth [102, 104]. As part of the therapeutic perspective, specific
loss-of-function phenotypes such as Adl (adult lethal), Emb (embryonic lethal), Let (larval
lethal), Lva (larval arrest), Stp (sterile progeny) and Ste (maternal sterile) are considered
very important. Besides, the RNAi technique, the transgenesis of C. elegans is used for
assessing and proving gene function [105, 106]. Microarray technology to study patterns of
gene transcription during development and reproductive phase using C. elegans is another

aspect of study other than the gene expression and localization [107-109]. The importance
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of comparative investigation of biochemical and molecular pathways, linked to
development in related nematodes using the free-living nematode, has proved to be
important with the studies conducted, finding similarities of the characteristics of C.
elegans and other parasitic nematodes. Amidst the argument of the advantages and
disadvantages of using the C. elegans genome as a model for parasitic nematodes, the

wealth of information for this organism will continue to hold its significance in future.
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Figure 1.6: Generic steps involved in EST analysis. 1. Raw EST sequences are checked
for vector contamination, low complexity and repeated regions, which are excised or
masked. Low quality, singleton and very short sequences are also removed. 2. ESTs are
then clustered and assembled to generate consensus sequences (‘putative transcripts’). 3.
DNA database similarity searches are carried out to assign, identify homologues and sign
possible function. 4. Putative peptides are obtained by conceptual translation of consensus
sequences. 5. Protein database similarity searches are performed to assign putative
function(s). The analysis is extended to functional annotation followed by visualization and

interpretation of results.
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1.12 Overview of EST data analysis

The analysis of sequence data at cDNA and protein level has increased along with the
number of ESTs in public databases. The analysis include different steps pre-processing,
clustering, assembly and annotation using a myriad of tools to yield biological information.
General steps in EST analysis are shown in Figure 1.6. The analysis of NGS data is very

similar and therefore has not been explicitly described, to avoid repetition.

The analysis steps are briefly described in the following sections.

1.12.1 EST pre-processing

ESTs are initially screened for sequence repeats, contaminants and/or adaptor sequences
[110-114] to generate high-quality ESTs. Informations from non-redundant vector
databases like UniVec and EMVEC help to remove vector sequences using locally
installed tools like BLAST [115], also avaliable as web interface [116] or Cross Match.
The popular tool for “cleaning” (validation and trimming) EST data, SeqClean has five

programs along with the specific vector database for trimming.

Followed by sequence cleaning, the repetitive elements, such as LINEs (Long interspersed
elements), SINEs (Short interspersed elements), LTRs (Long terminal repeat) and SSRs
(Short simple repeats) are masked to avoid errors in assembly of sequences using tools like
RepeatMasker or MaskerAid [117] to screen DNA sequences for low complexity DNA
sequences and interspersed repeats. New method, RBR was introduced for library-less
method for masking repeats in EST data for new organisms for which repeat libraries are
not available [118]. Poly (A) tracks are trimmed to retain a few adenines (usually 6-10) to
get high quality ESTs for clustering and assembly process as these are not encoded in the

genomic sequence.

1.12.2 Transcript clustering and assembly

Transcript clustering is to collect overlapping reads from the same transcript of a single
gene, into a unique cluster to reduce redundancy. Sequence assembly is to determine the
sequence of a target transcript/gene which involves alignment and merging of DNA
fragments to form long contiguous sequences (contigs) [110, 113]. The fragmented data
resulted as part of clustering is indexed using gene sequence information [119]. Pair-wise
sequence similarities are measured to cluster ESTs. Different steps for EST clustering are

described in detail by Ptitsyn and Hide (2005) [120], which discusses two approaches for

20



EST clustering, “stringent” and “loose.” The stringent clustering method is conservative,
generates shorter sequence consensi with low coverage of expressed genes and uses single-
pass grouping of ESTs resulting in relatively accurate clusters while, loose clustering is
“liberal” and it repeats low quality EST sequence alignments many times to generate less
accurate but longer sequence consensi. Thus, there is a better coverage of expressed gene
data and alternatively spliced transcripts, but there is a possibility of including paralogs in
the clusters. StackPACK [121] is designed as for loose clustering, while TIGR Gene
Indices [122] implement stringent clustering. Most broadly used programs for sequence
clustering and assembly are Phrap and CAP3 [123] where, benchmarking analysis by
Quackenbush and co-workers [124] showed CAP3 out-performed other similar programs,
maintaining a high level of sensitivity to gene family members and producing high fidelity
consensus sequences along with the handling of sequencing errors. Algorithms ‘overlap-
layout-consensus’ [125] and ‘de-Bruijn-graph’ [126, 127] are used to assemble long-
(generated by sanger sequencing, 454 platform) and short-reads (illumina and SOLiD
platforms) respectively. CAP3, Phrap, TIGR assembler, the parallel contig assembly
program (PCAP; [128]) and the mimicking intelligent read aseembly program (MIRA;
MIRA: an automated genome and EST assembler) support long-read assembly and short-
read assembly with short oligonucleotide analysis package (SOAP [129]), the assembly by
short sequencing (ABYSS; [130]), the exact de novo assembler (EDENA [131]), Euler-SR
[132] and velvet [127].

1.12.3 Conceptual translation of ESTs

To assign a predicted identity to each query sequence the contigs and singletons are
compared to known sequence data in public database [110]. EST sequences are translated
to identify the protein-coding regions or open reading frames (ORFs), from consensus EST
sequences, to enhance the process of gene discovery and gene boundary predictions using
OrfPredictor [133], ESTScan [134], DECODER [135]. After peptide prediction, protein
analysis is carried out and known protein domains are inferred [110]. InterProScan [111], a
tool for characterization of a protein family or a protein sequence, domain, functional site
by compairing sequences with information available in databases PROSITE [136], Pfam
[137], PRINTS [138], ProDom [139], SMART [140] or Gene Ontology [141].
Transmembrane doamin are predicted with program TMHMM [142], signal peptide motifs

with SignalP [143] and non-classical secretions with SecretomeP [144].
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1.12.4 EST Annotation

Annotation of both DNA or protein sequences are mainly assigning Gene Ontologies
(GO), to establish pathway associations using KEGG pathways, mapping sequences to
protein domains/motifs, identifying molecular interaction partners and finally to use
comparative genomics approaches to assign function based on database similarity searches

with known data.

1.12.5 Database similarity searches

Different flavours of the BLAST [145] programs from NCBI serve as universal tools for
database similarity searches such as for comparing nucleotide sequence data with DNA
(BLASTn) or ¢cDNA or amino acid (BLASTxX) sequences, or conceptually translated
peptides with protein sequences (BLASTp) available in public databases [110].
GENBANK [146], EMBL[147], DDBJ [148] are the three on-line public databases used
for sequence data analysis and annotation. PDB [149] represents the protein structure

database and SWISS-PROT for protein sequence information.

1.12.6 Functional assignment using Gene Ontologies

Gene Ontologies (GO) have been used widely to predict gene function and classification
and is categorised into three parts: 1) biological process, referring to a biological objective
to which the gene or gene product contributes; ii) molecular function defining the
biochemical activity (including specific binding to ligands or structures) of a gene product;
and iii) cellular component, to place in the cell where a gene product is active [141].
BLAST2GO [150], a sequence-based tool to assign GO terms, extracting them for each
BLAST-match is obtained by mapping to extant annotation associations. InterPro [111],
assigns GO terms to any sequence based on the known GO assignments of the functional

domains/motifs identified in the sequence.

1.12.7 Pathway mapping

Biological pathways associated with EST sequences provide vital information on gene
function, gene expression and regulation. The Kyoto Encyclopedia of Genes and Genomes
database (KEGG) [151] is used to functionally classify EST data based on biochemical
functionality. KOBAS [152], developed based on KO, is a web-based platform for
automated annotation and pathway identification. KAAS [153] and PathFinder [154] are

other recent publicly available tools.
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1.12.8 Identification of interaction partners

Proteins usually work through number of interactions with other bio-molecules. Hence,
insights into possible functions within the cell can be obtained with the study of each
protein and its binding partners. Studying protein-protein interactions in parasites is
important to understand the complex interplay between the cellular environments of the
parasite and its host during the course of invasion and infection which will help in the
development of new drug targets. Different interaction databases include IntAct [155],
BIND [156], HPRD [157], DIP [158] and MINT [159]. User data can be matched with
similarity search programs like BLAST and can be experimentally validated to get an idea

about the role of each molecule in its specific cellular environment in vivo.

1.13 EST analysis pipelines and current bioinformatic tools

Automated analysis pipelines are necessary to store, organize and annotate ESTs with the
advent of large-scale sequencing projects and generation of sequence data at protein and
cDNA levels along with the development of new and updated bioinformatic tools. A
pipeline would automatically clean, cluster, assemble and generate consensus sequences,
conceptually translating these into possible protein products and assign putative function
based on various DNA and protein similarity searches. The expansion of bioinformatics
tools have led to the development of integrated pipelines or web-based programs such as
ESTExplorer and EST2Secretome [160]. Current available bioinformatic tools and
pipelines have reviewed the rules, principles, and methods for the analysis of EST data
[110, 113]. An extensive review of analysis pipelines and tools is presented in Paper 1, at
the end of this chapter. Another pipeline worth mentioning is EST-PAC [161], a web-
based software package for EST annotation. EST-PAC provides automated EST annotation
by: 1) searching local or remote biological databases for sequence similarities using
BLAST services, 2) predicting protein coding sequence from EST data and, 3) annotating

predicted protein sequences with functional domain predictions.

1.14 Objectives

In all these years, various studies have been conducted on the parasitic helminths of socio-
economic importance which elucidated patterns of transcription. Major progress has been
made in different aspects of study including the immunobiology, pathogenesis,
epidemiology, diagnosis, treatments, etc. The transcriptome study and the integration of
transcriptomic and proteomic analysis has helped to understand the parasite development

and host-parasite interactions and disease along with the reason for the ability of a parasite
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to sustain itself on a host which could lead to identifying novel intervention stratergies.
ESTs generated for numerous organisms required the development of computational
strategies to analyze and organize them. EST analysis had to undergo lot of steps and
required different bioinformatic tools creating confusion in selection of the right tool. As a
part of this, we conducted a review of the existing tools and the analysis pipelines and the
future requirements. With the advent of NGS, new opportunities to explore the molecular
biology of parasitic helminths have widened which requires serious evaluation and

development of bioinformatic pipeline for assembly and analyses.

The overall objective of this thesis was to suggest improved bioinformatic approaches to
analyse, validate and identify biomolecules, especially ES proteins responsible for causing
disease through transcriptomic studies and to establish and integrate bioinformatic analysis

pipeline with new tools.

Specific objectives are described below:

1. Review different methods for EST analysis, new semi-automated bioinformatic
pipelines and their application to parasitic nematodes with the key focus of identifying
pathways or molecules responsible for development of new drugs or vaccines (Paper
1).

2. Carry out an analysis on Fasciola hepatica by integrating transcriptomic and proteomic
analysis to validate bioinformatics predictions with experimental proteomics data, as
well as quantify the deficiencies of bioinformatics analysis (Paper 2).

3. Apply and benchmark new bioinformatics tools for the large-scale analysis of adult
Teladorsagia circumcincta transcriptome data, as a step to develop a new and updated
analysis pipeline (Paper 3).

4. Develop TranSeqAnnotator as a generic transcriptomic analysis pipeline with updated
tools for assembly and annotation of EST and NGS data, with the tools selected from
Paper 3 and its application to Ascaris lumbricoides data (Paper 4).

5. Apply TranSeqAnnotator to NGS transcriptome data for L4 stage of Teladorsagia
circumcincta and compare the results with the transcriptome analysis of the adult 7.
circumcincta, reported in Paper 3, to understand the changes in the transcriptome with

the parasite developmental stage (Paper 5).

The significance of the study, its novelty and future directions are presented in the

concluding chapter.
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infected with nematodes (Hotez et al., 2007). Morbidity caused by
nematodes is substantial and exceeds diabetes and lung cancer in
disability adjusted life year (DALY) measurements (Engels and Savioli,
2006). Worldwide, the current financial losses caused by parasites to
agriculture (i.e. domesticated animals and crops) have a major impact
on farm profitability and exacerbate the global food shortage. In the
agricultural setting, most parasites are controlled mainly through the
use of chemotherapeutic agents (anthelmintics). This type of control
can be costly and is not always effective in the absence of a
management component. The excessive use of anthelmintics has
resulted in serious problems with drug resistance in parasites.
Furthermore, the use of such drugs can pose risks of residue problems
in meat, milk and the environment. Given the increasingly stringent
demands placed on maximum residue levels, the ongoing develop-
ment of novel and improved control strategies (including non-
chemical means) is crucial. Possibilities include the rational develop-
ment of diagnostic tests and/or safe anti-parasitic compounds, based
on a better understanding of parasite genomes, host-parasite
relationships and the molecular biology of the parasites themselves.
Hence, there are significant gains to be made by improving our
knowledge of parasites, which will lead to such outcomes. Whole
genome sequencing of key parasitic helminths can also provide an
important foundation for a wide range of fundamental areas
(including functional genomics, genetics, proteomics, systems biol-
ogy, molecular biology, physiology, biochemistry, ecology, epidemiol-
ogy, pathology, and many more), underpinning applied areas.

In 2004, a meeting funded by the Wellcome Trust was convened at
the Sanger Institute (Cambridge, UK) to discuss whole genome
sequencing of parasitic helminths (http://www.genome.gov/Pages/
Research/Sequencing/SeqProposals/StrongylidaWormSeq.pdf). The
global impact of “neglected” helminthic diseases, particularly through
the subclinical and chronic infections that they cause, makes them key
candidates for genome sequencing. The purpose of the meeting was to
provide advice on the prioritization of helminth species of medical
and veterinary importance, considering experimental models and
scientific interest. The criteria for selecting a particular species
included: clinical aspects; the availability of an animal model system;
the comparative value of particular species; the size of the scientific
community interested in or working on a species; and, the potential to
enable research following genome sequencing. Several candidate
organisms were identified at the meeting and nominated for
sequencing (Mitreva et al.,, 2007; http://www.genome.gov/
10002154). It was concluded that, at this stage, the scientific
community should proceed with individual nominations while
working together to defining packages (such as groups of related
species) that might gain support for more ambitious plans from major
funding agencies.

Although various projects on genomic and EST sequencing of
metazoan organisms (cf. www.sanger.ac.uk/pathogens/; www.nema-
tode.net/) have provided some information, limited progress has been
made on socio-economically important parasitic helminths compared
with human genomic sequencing programs. By contrast, the comple-
tion of the full genome sequence of the free-living nematode
C. elegans (available from WormBase; http://www.wormbase.org)
has provided an extremely valuable resource and a solid platform for
comparative genome analyses for various nematode groups, particu-
larly those representing clade V (proposed by Blaxter et al., 1998).
C. elegans is also a powerful system for genetic and molecular
investigations, since it has a rapid life cycle and is easy to maintain in
vitro. The karyotype is 2n =12 (five pairs of autosomes and one pair of
sex chromosomes), which appears to be consistent with a range of
strongylid nematodes, and the genome of C. elegans contains ~20,000
genes. Strongylid nematodes, for example, are, based on molecular
phylogenetic analysis, considered as relatively closely related to
C. elegans (see Blaxter et al., 1998), as supported by findings from
expressed sequence tag (EST) projects carried out on 40 nematode
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species other than Caenorhabditis, including 24 parasitic nematodes of
mammals, 14 plant parasites and 2 free-living bacteriovores (see
Mitreva et al., 2005a). Indeed, the strongylid datasets (Parkinson et al.,
2004a) have the highest genetic similarity to C. elegans compared
with the other taxa examined, based on the cumulative number of
new genes found in each species. Both the distribution of homology
matches and their relative scores support a close relationship between
the Strongylida and C. elegans (see Parkinson et al., 2004a). Clusters of
members of the Strongylida (represented by Ancylostoma caninum and
A. ceylanicum; clade V) were evaluated relative to Trichinella spiralis
(clade 1), Dirofilaria immitis (clade III), Strongyloides stercoralis (clade
IVA) and Meloidogyne incognita (clade IVB). For all of the non-
strongylid species, 20.74+9.6 of matches from database similarity
searches were nematode-specific, and 6.3 4+4.0 of matches were to
non-nematode species. In contrast, clusters representing the strongy-
lids were more skewed toward the nematode category, with only 3.3 +
0.01% of matches being to non-nematodes, whereas 31.3 4 0.06 had
matches to nematodes. The ratio of nematode-only to non-nematode-
only matches in Ancylostoma spp. (9.6 & 5.6) differed highly signifi-
cantly (P<0.0001, Student t-test) from other nematodes (3.3 42.4)
examined. Furthermore, C. elegans orthologues were identified for
only 45% of T. spiralis clusters, compared with 60-65% for species of
Strongyloides and Ancylostoma (Parkinson et al., 2004a). Further, the
15 most conserved gene products among C. elegans, T. spiralis and S.
stercoralis were significant, while the top 15 A. ceylanicum scores were
highly significant (Mitreva et al., 2004a,b; 2005a,b,c). Therefore, the
extrapolation from the biology of a well-studied nematode, such as C.
elegans, will be of great benefit when investigating members of the
order Strongylida. Also, the chance that a cloned gene from a strongylid
nematode has a homologue in C. elegans is high, with the exception of
genes associated with host-parasite interactions. As there are no
reliable culturing systems available for the propagation and main-
tenance of the entire life cycle of strongylid nematodes in vitro, C.
elegans provides a powerful surrogate system to test the function of
orthologous/homologous genes.

The future focus needs to be on the functional annotation of genes
from large-scale EST and genomic sequence datasets for parasitic
nematodes and on questions regarding the genetic basis of parasitism
(Gasser and Newton, 2000; Newton et al., 2002). Functional
characterization will require the application of genomic, proteomic
and bioinformatic technologies. These will be greatly aided by the
application of C. elegans data to whole genome sequences of key
parasitic helminths. In spite of currently reported technological
advances in genomics, transcriptomics and proteomics, surprisingly,
progress on developing user-friendly and highly reliable and efficient
bioinformatic pipelines, tailored specifically to parasitic helminths,
has been slow.

Computational strategies to organise and analyse EST datasets are
confounded by a bewildering number of analysis steps (Nagaraj et al.,
2007a). An overwhelming number of tools is available for each step,
with varying strengths/weaknesses for systematically extracting
biologically relevant information from EST datasets. There has been
some confusion about the choice of the right tools for individual steps
of EST analysis and the subsequent annotation at the DNA or protein
level. This confusion is compounded by the ability of some tools to
handle high-throughput EST data, while others cannot. In this context,
we considered that an appraisal of currently available EST analysis
methods and platforms was necessary. We conducted such an
evaluation and found that all available platforms terminated prior to
downstream functional annotation, including gene ontologies (GOs),
motif/pattern analysis and pathway mapping, necessitating the
establishment of a comprehensive large-scale EST analysis pipeline
(Nagaraj et al., 2007a). Given the rapidity with which enormous
amounts of sequence data are currently being generated, there is an
urgent need for advanced, high-throughput computational analyses of
EST and genomic sequence datasets using automated platforms.
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The purpose of the present article was to provide a background on
the significance of EST analysis, to describe recent advances in
the development of semi-automated bioinformatic pipelines and
summarize their application to parasitic nematodes of major socio-
economic significance, with a perspective toward identifying mole-
cules involved in key biological processes or pathways which might
serve as targets for new drugs or vaccines.

2. Critical appraisal of current bioinformatic tools and development
of a semi-automated platform for EST analysis and annotation

Extensive computational strategies have been developed to
organise and analyse both small and large EST datasets for gene
discovery, and transcriptional and singe nucleotide polymorphism
(SNP) analyses as well as the functional annotation of putative gene
products. In a recent review (Nagaraj et al., 2007a), we provided an
overview of the significance of ESTs in the genomic era, and their
properties and applications. Methods adopted for each step of EST
analysis by various research groups were compared. Challenges that
lie ahead in organizing and analysing the ever-increasing EST data
were identified, and the most suitable software tools for EST pre-
processing, clustering and assembly as well as database matching and
functional annotation were compiled.

Based on critical appraisal of the literature (Nagaraj et al., 2007a),
we selected the best-suited programs for each step for EST analysis
and incorporated them, to eventually design an semi-automated,
user-friendly platform, called ESTExplorer, for pre-processing and
assembly, followed by the annotation of relatively large amounts of
EST data at both the DNA and protein levels (Nagaraj et al., 2007b).
This user-friendly workflow system (Fig. 1) has been built on open-
source technologies for EST data management and analysis. An
appraisal of various EST analysis platforms revealed that they
terminate prior to functional annotation (Nagaraj et al., 2007a,b).
Some terminate at the assembly level, providing contigs and
singletons as output, while others run nucleotide-based programs
with limited annotation at the protein level. ESTExplorer (http://
estexplorer.biolinfo.org) was designed to incorporate the best,
currently available bioinformatic tools for pre-processing, clustering,
gene ontology mapping, nucleotide functional annotation, detailed
protein functional identification and metabolic pathway mapping.
These programs are locally implemented over different dedicated
processors on a multi-processor server, to ensure rapid and efficient
computation.

ESTExplorer is a comprehensive workflow system for EST data
management and analysis. Species-specific repeat masking and

Phase |: ESTs to Phase II: Nucleotide
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conceptual translation for 10 organisms (human, mouse, rat, rice,
zebrafish, chicken, fly, dog, thale cress and the roundworm, C. elegans)
are provided. This in silico system accepts a set of EST sequences as
input, which can be analysed using programs selected by the user.
Following pre-processing and assembly, datasets are annotated at the
nucleotide and protein levels. The outputs include GOs, the ‘func-
tional’ annotation of proteins, in terms of mapping to protein domains
and metabolic pathways. This system can be applied specifically to
annotate large EST datasets from nematodes and identify novel genes
or gene products as potential drug targets.

The workflow in ESTExplorer can be divided into three phases,
with Phase I being dedicated to EST sequence pre-processing and
assembly. In Phases II and IIl, annotation is carried out at the
nucleotide and protein levels. Input ESTs are first submitted for pre-
processing (Phase I) and assembly (Input Option 1 in Fig. 1), followed
by analyses in Phases II and IIl. While ESTExplorer has been designed
primarily for large-scale EST assembly and analysis, ESTs assembled
using other programs can also be submitted for annotation alone.
Assembled ESTs can be submitted directly to Phases II and III for
functional annotation, using Input Option 2 (Fig. 1).

Phase I employs three programs: SeqClean (http://www.tigr.or/
tdb/tgi/software/), RepeatMasker (http://repeatmasker.org) and
CAP3 (Huang and Madan, 1999), which are run sequentially to
convert input EST sequences into high quality ESTs. SeqClean removes
vector sequences (using the Univec database at NCBI; http://www.
ncbi.nlm.nih.gov/), Poly-A tails, low quality segments at 5’ and 3’
cDNA ends and low complexity regions (using the DUST module) from
input ESTs. All short ESTs (<100 bp) are eliminated. Output from
SeqClean can be processed optionally, employing RepeatMasker, or
can be assembled directly using CAP3. RepeatMasker employs cross-
match and up-to-date repeat libraries for different species from
RepBase, to carry out species-specific repeat masking. CAP3 either
accepts repeat-masked, high quality EST sequences or the output from
SeqClean, and performs clustering and assembly into large contiguous
sequences, known as contigs (integrating multiple, related ESTs) and
singletons.

In Phase II, nucleotide-level annotations of assembled EST contigs
and singletons from Phase I or data uploaded by the user, are carried
out. BLASTX (Altschul et al., 1997) and NCBI's non-redundant protein
database, BLAST2GO (Conesa et al., 2005), which assigns functionality
based on GOs (Ashburner et al., 2000), are the programs incorporated
in this phase.

Protein-based annotation is carried out in Phase III, following the
translation of individual EST sequences into amino acid sequences.
ESTScan (Iseli et al., 1999) accepts contigs and singletons from CAP3

Phase lil: Protein

contigs annotation annotation
Input Option 1 Input Option 2
Raw ESTs Assembled ESTs
¥ ¥
-H seqClean [ BLASTX |
]
[ RepeatMasker | | BLAST2GO |

Annotation

summary

Assembled
ESTs

ESTScan for

assembled
ESTs

InterProScan

Short
sequences
removed

r

Fig. 1. ESTExplorer analysis and annotation workflow, showing Phase I (pre-processing and assembly), Phase II (nucleotide-level annotation) and Phase Il (protein-level annotation).
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and provides conceptual translations, using the genetic code from a
related organism in a two-step process. Firstly, coding regions or open
reading frames (ORFs) are detected and extracted. Secondly, these
ORFs are translated into putative peptides. The peptide sequences
from ESTScan can be analysed using InterProScan (Quevillon et al.,
2005) and KOBAS (Wu et al, 2006) for processing. InterProScan
matches protein sequences against InterPro (an integrated resource
for protein families, domains and functional sites from member
databases, such as PROSITE, PRINTS, PFAM, ProDom and SMART),
providing details of domain/motif architecture for each sequence for
the assignment of biological function. KOBAS maps protein sequences
to biochemical pathways based on the Kyoto Encyclopaedia of Genes
and Genomes, KEGG (Kanehisa et al., 2006).

It is usually difficult to collate results at the final output stage when
a large dataset is subjected to analysis using a workflow containing
several phases and multiple programs. To address this issue,
ESTExplorer tracks each assembled sequence (contig/singleton) that
has been annotated functionally. After an EST or contig dataset has
been submitted to ESTExplorer, a status page is accessible to monitor
the progress of the analysis in the program. As each selected step is
completed, the status page is updated, and the output from that
program becomes available. At the completion of processing, the
outcome is summarized, with links to output files. While ESTExplorer
can run on a fully automated mode, we have provided expert users
with the option of modifying default parameter values as well as
program selection options. For each assembled sequence, a detailed
summary comprising GOs, the inference of protein function and
mapping to protein domains and metabolic pathways, is displayed. A
tutorial and a description of each program used are also available for
reference.

3. Assessment of the efficiency and performance of ESTExplorer by
comparison with manual approaches

Traditionally, biologists have relied on conventional database
similarity searches, using BLAST (Altschul et al., 1997), to derive
clues regarding biological function. Such an EST analysis was reported
recently for the pine wood nematodes, Bursaphelenchus xylophilus and
B. mucronatus (see Kikuchi et al., 2007). To evaluate the efficacy of
ESTExplorer compared with standard database-derived functional
annotation strategies, we used a well-defined dataset generated
previously from the adult stage of a parasitic nematode, Trichostron-
gylus vitrinus, and analysed it manually (Nisbet and Gasser, 2004).
Compared with this study, which was limited to annotation of ESTs via
similarity searches (BLAST) for the assignment of putative function,
we added annotations to the EST data and identified important genes
for further investigation (Nagaraj et al., 2008a). Firstly, we included
functional identifications, in terms of mapping to protein domains and
metabolic pathways. Secondly, we categorised the T. vitrinus ESTs
based on comparison with three databases, namely Wormpep (www.
sanger.ac.uk/Projects/C_elegans/WORMBASE/current/wormpep.
shtml), a ‘parasitic nematode database’ and a ‘non-nematode
database’ (the last two were built ‘in house’), and used the Java tool
SimiTri (Parkinson and Blaxter, 2003) to visualize the data compar-
isons. Thirdly, we related ESTs to molecules in C. elegans which can be
silenced by double-stranded RNA interference (RNAi) (www.worm-
base.org). For comparative purposes, we repeated the earlier EST
analysis (cf. Nisbet and Gasser, 2004) by running BLAST against the
current databases, in order to minimize any database bias in the
results and compared these results with the automated EST sequence
annotations for T. vitrinus data. Previously, Nisbet and Gasser (2004)
carried out the BLAST analysis of 1776 gender-enriched ESTs from T.
vitrinus individually and categorised these molecules into different
functional classes. This conventional analysis took ~16 weeks to
perform compared with an enhanced analysis of the same dataset
using ESTExplorer (with the exception of the secretome, SimiTri and
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RNAi phenotype analyses), which took less than 3 h to perform. A total
of 301 ESTs representing 31 functional categories were defined and
compared. Male-enriched ESTs of T. vitrinus encoded predominantly
major sperm protein-like, protein kinases/phosphatases, transcrip-
tion factors, nucleic acid synthesis and other categories, whereas
female-enriched ESTs from this species represented vitellogenins,
protein kinases/phosphatases and transcription factors and molecules
involved in carbohydrate metabolism and modification and the
ubiquitin-proteasome pathway.

We demonstrated that ESTExplorer provides a comprehensive
“functional” annotation for EST datasets, which leads to an enhanced
characterization and understanding of the molecules. When a gene
has multiple predicted functions, it is possible to list them in advanced
annotation protocols, such as GO and pathway mapping, which
provides comprehensive information on the molecule, in order to
underpin any molecular, biochemical and/or biological investigations.
For instance, the EST TVmO02_C07, which is homologous to a serine/
threonine protein phosphatase, revealed the following GO terms:
“chromatin modification, protein dephosphorylation, embryonic
cleavage, cytokinesis, meiosis, oviposition, manganese ion binding,
protein phosphatase type 1 activity, protein binding, mitosis, glycogen
metabolic process, iron ion binding, mitochondrial outer membrane,
nucleus”, and has been predicted to be involved in multiple pathways,
“long-term potentiation, regulation of actin cytoskeleton, focal
adhesion and insulin signalling pathway”. Other findings indicated
that the C. elegans orthologue (a yeast glc seven-like phosphatase
encoded by the gene F56C9.1; accession no. NP_498617.1) can be
silenced in this free-living nematode, leading to progeny with Egl (egg
laying deficit), Emb (embryonic lethal) and/or Sck (sick) phenotypes
(Rual et al., 2004). Being able to achieve silencing in C. elegans showed
that this gene is central to the development, reproduction and/or
survival of this nematode. This information provided a basis for the
detailed molecular characterization and transcriptional analysis of the
full-length gene (Tv-stp-1) encoding this serine/threonine protein
phosphatase (Tv-STP-1) from T. vitrinus (see Hu et al., 2007). The
findings indicated that there is relative conservation in features and
function of the serine/threonine protein phosphatase characterized
for T. vitrinus, O. dentatum (see Boag et al., 2003) and C. elegans, likely
to have significant implications for exploring molecular reproductive
and developmental processes in strongylid nematodes of socio-
economic importance.

4. Brief comparison of ESTExplorer with other currently available
EST analysis pipelines

A number of EST analysis pipelines are currently available; these
are listed in Table 1 in chronological order. The major processing steps,
pre-processing, clustering and annotation at the nucleotide and
protein levels have been presented for each pipeline. The specific
features of ESTExplorer compared with those of other similar
pipelines are listed.

Only nine analysis pipelines (Table 1, in bold font), viz. PipeOnline
(Ayoubi et al., 2002), ESTAP (Mao et al., 2003), ESTAnnotator (Hotz-
Wagenblatt et al., 2003), PartiGene (Parkinson et al., 2004b), open-
Sputnik (Rudd, 2005), ParPEST (D'Agostino et al., 2005), ESTExplorer
(Nagaraj et al, 2007b), ESTPass (Lee et al., 2007) and EST2uni
(Forment et al., 2008), provide tools for comprehensive EST analysis.
Of these, PipeOnline, ESTAP, ESTAnnotator, ParPEST, PartiGene and
EST2uni rely solely on the annotation of BLAST hits for nucleotide and
protein-level annotations, as do JUICE (Latorre et al., 2006) and
annot8r (Schmid and Blaxter, 2008); openSputnik and ESTPass
employ BLAST-derived annotations for nucleotide annotations.

TGICL (Pertea et al., 2003) and EGAssembler (Masoudi-Nejad et al.,
2006) have no annotation phases and thus perform only pre-
processing and clustering. Of these, TGICL requires the use of
proprietary software (Paracel Transcript Assembler), while
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Table 1
A list of currently available expressed sequence tag (EST) analysis pipelines.
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Pipeline and website Pre-processing Clustering and assembly ~ DNA-level Protein-level
programs programs annotation annotation
PipeOnline (Ayoubi et al., 2002) http://bioinfo.okstate.edu/pipeonline/ Phred; Cross_Match Phrap * *
EST Analysis Pipeline (ESTAP) (Mao et al., 2003) http://staff.vbi.vt.edu/estap/ Phred; Cross_Match D2_cluster; CAP3 o &2
ESTAnnotator (Hotz-Wagenblatt et al.,, 2003) Phred; RepMask CAP3 & ©
http://genome.dkfz-heidelberg.de/menu/biounit/dev.shtml#estannotator
ESTweb (Paquola et al., 2003) http://bioinfo.iq.usp.br/estweb/ Phred; Cross_Match X & x
TGICL (Pertea et al., 2003) http://compbio.dfci.harvard.edu/tgi/ SeqClean; megaBLAST CAP3; Paracel X x

TranscriptAssembler

ESTIMA (Kumar et al., 2004) http://titan.biotec.uiuc.edu/ESTIMA/ X BlastClust; CAP3 BLAST; Gene ontology X
(GO)

PartiGene (Parkinson et al., 2004b) Cross_Match Phred @ ©
http://www.nematodes.org/bioinformatics/PartiGene

openSputnik (Rudd, 2005) http://sputnik.btk.fi Cross_Match HPT2 and CAP3 = I

ParPEST (D'Agostino et al.,, 2005) http://www.cab.unina.it/parpest/ SeqClean; Phrap; D2_cluster; PaCE; CAP3 < &

Repeatmasker

EGAssembler (Masoudi-Nejad et al., 2006) http://egassembler.hgc.jp/ SeqClean PHRAP; CAP3 X x

JUICE (Latorre et al., 2006) http://genoma.unab.cl/juice_system/ X CAP3 S X

ESTExplorer (Nagaraj et al., 2007b) http://estexplorer.biolinfo.org SeqClean; Repeatmasker CAP3 BLAST, GO I d

ESTPass (Lee et al., 2007) http://estpass.kobic.re.kr/ Cross_Match D2_cluster; CAP3 * I

Annot8r (Schmid and Blaxter, 2008) X x & &
http://www.nematodes.org/bioinformatics/annot8r

EST2uni (Forment et al., 2008) http://bioinf.comav.upv.es/est2uni/ Phred,SeqClean CAP3 *

OREST (Waegele et al., 2008) http://mips.gsf.de/genre/proj/orest/index.html WebTraceMiner X =

x: not available; »#: available; *: BLAST-derived annotation; comprehensive analysis pipelines in bold-type.

EGAssembler provides a freely available webserver; these systems
may be used to generate high quality EST contigs for annotation. Pre-
processing is unavailable in ESTIMA (Kumar et al., 2004), JUICE and
annot8r. Clustering is not incorporated in ESTweb (Paquola et al.,
2003), annot8r and OREST (Waegele et al., 2008), so that relatively
short input ESTs are directly matched with database sequences for
annotation. These systems are thus unlikely to provide high quality
EST sequences for annotation.

Thus, ESTExplorer provides a comprehensive analysis and annota-
tion pipeline for ESTs. The use of multiple programs for nucleotide and
protein annotations overcomes the limitations of BLAST-based
annotations for these organisms, providing homologous sequences,
GO classifications, KEGG pathways and protein domains and motifs.

5. Applications of the ESTExplorer pipeline to parasitic nematodes

Having assessed the performance of ESTExplorer (sections 3
and 4), we subsequently applied the pipeline to the detailed analyses
of EST datasets for parasitic nematodes of major socio-economic
importance, including Dictyocaulus viviparus (the bovine lungworm),
Haemonchus contortus (the barber's pole worm of small ruminants), A.
caninum (the hookworm of dogs) and Ascaris suum (the common
roundworm of pigs) (Campbell et al., 2008; Datu et al., 2008; Huang
et al., 2008; Ranganathan et al., 2007). These analyses allowed the
limited information available in EST datasets to be transformed into
biologically relevant information, enabling the formulation of
hypotheses for future experimental work.

Lungworms of the genus Dictyocaulus (family Dictyocaulidae) are
parasitic nematodes of major economic importance. They cause
pathological effects and clinical disease in various ruminant hosts,
particularly in young animals. D. viviparus is a major pathogen of
cattle, particularly calves, with severe infections being fatal. In this
study, we provided first insights into the transcriptome of the adult
stage of D. viviparus through the analysis of ESTs determined
conventionally. In brief, using ESTExplorer, we estimated that the
dataset of 5271 ESTs was derived from 2258 genes, based on cluster
and comparative genomic analyses. Of the 2258 representative ESTs,
1159 (51.3%) had homologues in C. elegans, 1174 (51.9%) in parasitic
nematodes, 827 (36.6%) in organisms other than nematodes, and 863
(38%) had no significant matches to any sequence in the current

databases. Of the homologues, 569 had observed ‘non-wildtype’ RNAi
phenotypes C. elegans, including Emb (embryonic lethality), Ste
(maternal sterility), Stp (sterility in progeny), Lva (larval arrest) and
Gro (slow growth). We could functionally classify 776 (35%)
sequences using the GOs and established pathway associations to
696 (31%) sequences in KEGG. In addition, we identified 85 putative
secreted proteins which could represent potential anthelmintic or
vaccine targets. In conclusion, the bioinformatic analyses of EST data
for D. viviparus elucidated sets of relatively conserved and potentially
novel genes. The characterization of the D. viviparus transcriptome
also provides a foundation for whole genome sequencing and future
comparative transcriptomic analyses.

In addition to lungworms, gastrointestinal nematodes of livestock
cause substantial production losses due to poor productivity, failure to
thrive and deaths (e.g., McLeod, 1995; Smith, 1997; Coles, 2001). The
financial losses associated with these endoparasites are estimated
(based on figures of the sales of anthelmintic drugs; unpublished
data) at tens of billions of dollars per annum. A parasitic nematode of
paramount importance in small ruminants (sheep and goats) is the
blood-feeding, gastric nematode H. contortus (order Strongylida). This
dioecious, haematophagous nematode, harboured in the abomasum,
causes anaemia and associated complications, leading to death in
severely affected animals (see Nikolaou and Gasser, 2006). The
oviparous adult females release eggs via the faeces into the
environment, in which first-stage larvae (L1s) develop and then
hatch (within ~1 day, depending on conditions). The L1s develop into
L2s and then moult to become infective third-stage larvae (L3s). The
ensheathed L3s are ingested by the host with herbage, exsheath in the
abomasum, and develop via the blood-feeding, fourth-stage larvae
(L4s) to the adult females and males within ~3 weeks. Females
become fully gravid between 3 and 4 weeks (Stoll, 1929) and each of
them lays an average of 4500 eggs per day (Coyne and Smith, 1992).
Hence, the development of H. contortus is complex and involves a
number of timed processes, the timing of which can vary, depending
on population, environmental and/or host factors (Rossanigo and
Gruner, 1996). While there is considerable knowledge of the
morphological changes which take place during the life cycle of H.
contortus, very little is understood about the biochemical and
molecular processes underlying the development and reproduction
of this important parasite (Nikolaou and Gasser, 2006). Therefore, in a
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recent study (Campbell et al., 2008), we took the first step toward
exploring genes differentially transcribed between female and male
H. contortus at the adult stage. We used ESTExplorer for the clustering
and analysis of the currently available EST datasets for H. contortus,
and selected representative subsets of molecules for transcriptional
profiling by oligonucleotide microarray analysis and for the prediction
of function and gene interactions based on comparative analyses with
C. elegans.

Following the bioinformatic analysis of the H. contortus dataset
using ESTExplorer, 1885 representative ESTs were selected, to which
oligonucleotides (three per EST) were designed and spotted on to a
microarray (Campbell et al., 2008). This microarray was hybridized
with cyanine-dye labelled cRNA probes, synthesized from RNA from
female or male adults of H. contortus. Differential hybridization was
displayed for 301 of the 1885 rESTs (~16%). Of these, 165 (55%) had
significantly greater signal intensities for female cRNA and 136 (45%)
for male cRNA. Of these, 113 with increased signals in female or male
H. contortus had homologues in C. elegans predicted to function in
metabolism; information storage and processing; cellular processes
and signalling; and, embryonic and/or larval development. Of the
ESTs with no known homologues in C. elegans, 23 (~40%) had
homologues in other nematodes, two had homologues in various
other organisms and 30 (52%) had no homology to any sequence in
current gene databases. A genetic interaction network was predicted
for the C. elegans homologues/orthologues of the gender-enriched H.
contortus genes, and a focused analysis of a subset revealed a tight
network of molecules involved in amino acid, carbohydrate or lipid
transport and metabolism; energy production and conversion;
translation, ribosomal structure and biogenesis; and, importantly,
those associated with meiosis and/or mitosis in the germline during
oogenesis or spermatogenesis. This study (Campbell et al., 2008)
provided a basis for the molecular, biochemical and functional
exploration of selected molecules with differential transcription
profiles in H. contortus, for further microarray analyses of transcription
in different developmental stages of H. contortus, and for an extended
functional analysis once the full genome sequence of this nematode is
available.

More recently, we explored transcriptional changes in the early
stage of development of the canine hookworm, A. caninum, using
suppressive-subtractive hybridization (SSH)-based EST sequencing,
followed by bioinformatic analysis with ESTExplorer. The L3s of A.
caninum endure a period of apparent “arrested development”
preceding transmission to a suitable host. Many of the mRNAs that
are “up-regulated” at this stage of development are likely to encode
proteins that act at the host-parasite interface and facilitate the
transition from a free-living to a parasitic larva. The initial phase of the
percutaneous infection of the canid host by A. caninum relates to the
exsheathment and “activation” of the L3 stage, which can be
mimicked in vitro by incubating L3s in culture medium containing
dog serum. The mRNAs differentially transcribed between non-
activated and activated L3s were identified by SSH. The analysis of
these mRNAs on a customized oligonucleotide microarray, printed
with the SSH-derived and publicly available A. caninum ESTs (non-
subtracted), yielded a total of 602 differentially transcribed molecules,
of which the most highly represented sequences (n=27) encoded
products belonging to the pathogenesis-related protein (PRP) super-
family and different mechanistic classes of proteases. Comparison of
these A. caninum mRNAs with those of C. elegans larvae exiting
developmental arrest (or dauer) demonstrated large differences with
respect to GO profiles. C. elegans L3s exiting developmental arrest
were inferred to be linked to an up-regulated expression of collagens
and other (mostly intracellular) molecules involved in growth and
development. Such mRNAs are virtually absent from activated hook-
worm larvae, and, instead, are represented by an inordinately large
number of mRNAs encoding extracellular proteins, suggesting that
many of the activation-associated hookworm mRNAs are involved in
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host-parasite interactions. The near absence of mRNAs associated
with reproduction, growth and development from activated hook-
worm L3s probably reflects their ability to further arrest (i.e. undergo
hypobiosis) in tissues of the canid host, non-permissive hosts or in the
external environment when conditions for transmission are unfavour-
able. Further investigations into the regulation of PRPs will provide a
deeper understanding of the biological functions of these parasitism-
associated genes. Although this information does not necessarily
invalidate C. elegans dauer exit as a model for hookworm activation, it
suggests a limitation of this free-living nematode as a model organism
for the transition of hookworm larvae from a free-living to a parasitic
state.

In the common roundworm of pigs, A. suum, transcription specific
to the L3 stage was investigated also using an SSH-based sequencing
approach, followed by detailed bioinformatic analyses (Huang et al.,
2008). In brief, a cDNA archive enriched for molecules in the L3 of A.
suum was constructed by SSH, and a subset of cDNAs from 3075 clones
subjected to microarray analysis using probes derived from RNA from
different developmental stages of A. suum. The cDNAs (n=498)
shown by microarray analysis to be enriched in the L3 were sequenced
and subjected to bioinformatic analyses using ESTExplorer. Using GO,
235 of these molecules were assigned to ‘biological process’ (n=68),
‘cellular component’ (n=50) or ‘molecular function’ (n = 117). Of the
91 clusters assembled, 56 molecules (61.5%) had homologues/
orthologues in the free-living nematodes C. elegans and C. briggsae
and/or other organisms, whereas 35 (38.5%) had no significant
similarity to any sequences available in current gene databases.
Transcripts encoding protein kinases, protein phosphatases (and their
precursors) and enolases were abundantly represented in the L3 of A.
suum, as were molecules involved in cellular processes, such as
ubiquitination/proteasome function, gene transcription, and protein-
protein interactions and function. In silico analyses inferred the C.
elegans orthologues/homologues (n=>50) to be involved in apoptosis
and insulin signalling (2%), ATP synthesis (2%), carbon metabolism
(6%), fatty acid biosynthesis (2%), gap junction (2%), glucose
metabolism (6%) or porphyrin metabolism (2%), although 34 (68%)
of them could not be mapped to a specific metabolic pathway. Small
numbers of these 50 molecules were predicted to be secreted (10%),
anchored (2%) and/or transmembrane (12%) proteins. Functionally, 17
(34%) of them were predicted to be associated with (non-wild-type)
RNAI phenotypes in C. elegans, the majority being Emb (embryonic
lethality; 13 types; 58.8%), Lva (larval arrest; 23.5%) and Lvl (larval
lethality; 47%). A genetic interaction network was predicted for these
17 C. elegans orthologues, revealing highly significant interactions for
nine molecules associated with embryonic and larval development
(66.9%), information storage and processing (5.1%), cellular proces-
sing and signalling (15.2%), metabolism (6.1%) and unknown function
(6.7%). The roles of these molecules in development are suggested to
be linked to those of their homologues/orthologues in C. elegans and
some other organisms. The results of this study (Huang et al., 2008)
provided a basis for future functional genomic studies to elucidate
molecular aspects governing larval developmental processes in
A. suum and/or the transition to parasitism.

6. Establishing a workflow system for high-throughput prediction
of ES proteins from ESTs datasets

Molecules excreted or secreted by a cell or an organism, often
referred to excretory/secretory (ES) products, play pivotal biological
roles in parasitic helminths (e.g., Lightowlers and Rickard, 1988). ES
proteins can represent 8420% of the proteome of an organism
(Greenbaum et al., 2001) and can include functionally diverse classes
of molecules, such as cytokines, chemokines, hormones, digestive
enzymes, antibodies, extracellular proteinases, morphogens, toxins
and antimicrobial peptides. Some of these proteins are known to be
involved in vital biological processes, including cell adhesion, cell
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migration, cell-cell communication, differentiation, proliferation,
morphogenesis and immune responses (Maizels and Yazdanbakhsh,
2003). ES proteins can circulate throughout the body of an organism
(e.g., in the extracellular space) or are localized to or released from the
cell surface, making them readily accessible to drugs and/or the
immune system. From a fundamental perspective, proteins secreted
by parasites are of particular interest in relation to interactions with
the host, because they are present or active at the interface between
the parasite and host cells, and can regulate or mediate the host
responses and/or cause disease (Kamoun, 2006; Muller et al., 2008).
These latter characteristics make these molecules attractive targets for
novel vaccines or therapeutics (Bonin-Debs et al., 2004).

ES proteins have long been the focus of biochemical and
immunological studies of parasitic helminths; such worms secrete
biologically active mediators which can modify or customize their
niche within the host, in order to evade immune attack or to regulate
or stimulate a particular host response (e.g., Lightowlers and Rickard,
1988; Hawdon et al., 1996; Maizels et al., 2001; Yatsuda et al., 2003).
Parasitic nematodes are responsible for a range of neglected tropical
diseases, such as ancylostomatosis, necatoriasis, lymphatic filariasis,
onchocerciasis, ascariasis and strongyloidiasis in humans (Engels and
Savioli, 2006; Hotez et al., 2007), and others can cause massive
production or economic losses to farmers as well as to animal and
plant industries (e.g., Koenning et al.,, 1999; McLeod, 1995; Smith,
1997; Coles, 2001; Sackett and Holmes, 2006).

There have been efforts to identify and characterize ES proteins in
different parasitic nematodes in various studies. For instance,
Robinson and Connolly (2005) used a proteomic approach to identify
ES glycoproteins in T. spiralis, an enoplid nematode (or trichina) of
musculature. In another study, Yatsuda et al. (2003) undertook an
analysis of ES products from H. contortus (barber's pole worm); these
authors identified a range of proteins but were only able (based on
comparative analysis) to investigate known proteins, such as serine,
metallo- and aspartyl-proteases and the microsomal peptidase H11, a
vaccine candidate, previously recognised as a “hidden antigen” (Munn
et al,, 1997). The precise role of ES proteins from parasitic nematodes
in mediating cellular processes is largely unknown due to the
difficulty in experimentally assigning function to individual proteins
(Robinson and Connolly, 2005). In this context, computational
approaches applied to identify and annotate ES proteins have
significantly complemented experimental studies of different cell

Phase I: ESTs to Phase II: ES protein
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types, tissues, organs and organisms. For example, in an early study,
Grimmond et al. (2003) developed a computational strategy to
identify and functionally classify secreted proteins in the mouse, based
on the presence of a cleavable signal peptide (required for its entry
into the secretory pathway), along with the lack of any transmem-
brane (TM) domain or intracellular localization signals in full-length
molecules. This study was followed by the computational reconstruc-
tion of the secretome in human skeletal muscle from protein sequence
data by Bortoluzzi et al. (2006). Also, Martinez et al. (2006) identified
and annotated the secreted proteins involved in the early develop-
ment of the kidney in the mouse from microarray ‘expression’
profiling, using computational strategies.

While EST data have been mined for many interesting functional
molecules (e.g., Adams et al., 1993; Nagaraj et al., 2007a), predicting
ES proteins from ESTs has been relatively uncommon. For example,
Vanholme et al. (2006) identified putative secreted proteins from EST
datasets for the plant parasitic nematode, Heterodera schachtii. Harcus
et al. (2004) investigated the signal sequences inferred from the EST
data for the parasitic nematode Nippostrongylus brasiliensis, and
linked them to an “accelerated evolution” of secreted proteins in
this parasite, compared with host or non-parasitic organisms. Also,
Ranganathan et al. (2007) inferred ES proteins from EST data for the
bovine lungworm, D. viviparus, while several mRNAs encoding novel
secreted proteins without known homologues were identified from
ESTs of A. caninum (see Datu et al., 2008). Nagaraj et al. (2008a)
identified and classified putative secreted proteins from T. vitrinus, a
parasitic nematode of ruminants and suggested some molecules as
targets for novel anthelmintics. One of the suggested molecules, Tv-
stp-1, was investigated further and its functionality predicted (Hu
et al., 2007).

While single EST or protein datasets have been examined for the
presence of secretory or ES proteins, large-scale analysis has not been
conducted to date, due to the lack of effective high throughput,
computational pipelines for analysis (Martinez et al., 2006). Based on
recent work (Ranganathan et al., 2007; Datu et al., 2008; Nagaraj et al.,
2008a), ESTExplorer has been modified to predict ES proteins with
high confidence, and to provide extensive annotation, including GOs,
pathway mapping, protein domain identification and the prediction of
protein-protein interactions. The enhanced pipeline, called EST2Se-
cretome (Nagaraj et al., 2008b), is a freely available web server that
can directly process EST datasets or entire proteomes.

Phase llI: ES protein

peptides identification analysis
Input Option 1 Input Option 2
Raw ESTs Protein sequences
v ¥
1= SeqClean ~ signalP | —{ BLAST2GO —]

| kosas

RepeatMasker
P unisas
Assembled
ESTs

fe
Putative ES
proteins

Annotation
summary

InterProScan

= for
putative
ES proteins

SecProtSearch

Short
sequences
removed

Fig. 2. EST2Secretome analysis and annotation workflow, showing Phase I (pre-processing, assembly and conceptual translation), Phase II (prediction of secreted proteins) and Phase

1l (secreted protein annotation).
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EST2Secretome (http://EST2secretome.biolinfo.org/) is a compre-
hensive workflow system, comprising carefully selected computa-
tional tools to identify and annotate ES proteins inferred from ESTs. It
provides a user-friendly interface and detailed online help to assist
researchers in the analysis of EST datasets for ES proteins. The
workflow can be divided into three phases (Fig. 2), with Phase I
dedicated to pre-processing, assembly and conceptual translation,
similar to that of ESTExplorer (see Nagaraj et al., 2008b). In Phase II,
putative ES proteins are identified based on the presence of signal
sequences and the absence of transmembrane helices. Phase III
contains an annotation layer, comprising a suite of bioinformatic tools
to annotate the ES proteins inferred in Phase II. ESTs can be submitted
to Phase I for EST pre-processing, assembly and conceptual transla-
tion, followed by the identification of putative ES proteins in Phase II
and annotation in Phase III. Alternatively, instead of EST data, protein
sequences may be submitted directly to Phase II to identify putative ES
proteins and to functionally annotate them in Phase III.

In Phase I, EST2Secretome shares programs SeqClean, RepeatMas-
ker and CAP3 with ESTExplorer (Nagaraj et al., 2007b), based on the
analysis presented earlier (Nagaraj et al., 2007a). The contig and
singleton sequences generated via CAP3 are transferred to the
program ESTScan for conceptual translation into proteins, using the
genetic code from a related organism. Currently, EST2Secretome
implements the genetic codes for 15 organisms, covering the most
studied organisms including human, mouse, rat, pig, dog, chicken,
rice, wheat, thale cress, zebrafish, fly, yeast and C. elegans.

In Phase II, putative ES proteins are inferred from the protein
sequences generated in Phase I, using the two programs SignalP
(Bendtsen et al., 2004) and TMHMM (Emanuelsson et al., 2007).
SignalP first checks whether an N-terminal signal sequence is
predicted based on both artificial neural network and hidden Markov
model probability scores (SignalPNN and SignalP-HMM), using
default parameters that can be modified by experienced users.
Subsequently, all proteins with signal sequences are passed on to
TMHMM, a hidden Markov model-based transmembrane helix
prediction program, to “filter out” transmembrane proteins. The
subset lacking transmembrane helices is selected as putative ES
proteins for further annotation.

Phase III is the annotation layer, comprising a suite of six
computational tools for the functional annotation of the predicted
ES proteins, of which the first three (GO using BLAST2GO, Inter-
ProScan and pathway mapping employing KOBAS) are also imple-
mented in ESTExplorer (Nagaraj et al., 2007b). The other three
components are unique to EST2Secretome and incorporate protein
BLAST searches against three different datasets derived from Worm-
pep (www.sanger.ac.uk/Projects/C_elegans/WORMBASE/current/
wormpep.shtml) for the identification of nematode homologues,
IntAct (Kerrien et al., 2007) for protein-protein interaction data and a
non-redundant secreted protein database (SecProtSearch) derived
from the literature, the secreted protein database, SPD (Chen et al.,
2005) and the manually curated signal peptide database, SPdb (Choo
etal., 2005). Mapping to Wormpep gives a list of homologous proteins
in C. elegans, and is linked to WormBase (Bieri et al, 2007).
Homologues from the IntAct database are determined using the
concept of interlogs (“evolutionarily conserved interactions” identi-
fied based on conservation among homologous proteins in different
species) and are linked to all molecular interaction partners of
homologous proteins. EST2Secretome provides a link to the relevant
interlog page at IntAct, containing all interaction partners. The
interaction data culled from these interlogs can be extrapolated to
predict protein interactions of the query sequence, for validation by
RNAi, gene deletion or fluorescence-based interaction studies. The
final module compares the query sequence to a specialised dataset of
known secreted proteins (SecProtSearch), in order to identify
orthologous secreted proteins, which would provide a second level
of validation for the ES protein dataset. Phase IIl (Fig. 2) thus allows
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extensive characterization and validation of ES proteins predicted by
EST2Secretome.

Once an EST (or protein) dataset has been submitted to
EST2Secretome, a status page is accessible for the monitoring of the
progress of analysis, at the program level. As each selected program is
completed, the status page is updated and the output from the
program is displayed. The outcome from each run is summarized, with
links to output files from each selected program being listed. When a
large dataset is analysed using a workflow, it is challenging to collate
the results of the analysis from multiple steps. To address this issue,
EST2Secretome provides a summary file for each ES protein,
comprising the assembled contig/singleton sequence, the peptide
sequence and all of the annotations (such as homologous proteins,
protein domains, pathways and interaction partners). A detailed
tutorial, frequently asked questions (FAQ) and sample EST and protein
datasets are available online for the effective use of EST2Secretome.
Thus, EST2Secretome extends the analysis and annotations capabil-
ities of ESTExplorer by including specific tools relevant parasitic
helminths, including the searching of WormPep, IntAct and secreted
proteins databases, in order to enhance the annotation of ES proteins
considered relevant in understanding parasite-host interactions.

7. Mining publicly available EST datasets for ES proteins of
nematodes, as potential drug or vaccine targets

Recently, EST2Secretome was applied to 452134 ESTs, representing
39 economically important and disease-causing parasitic nematodes
of humans, other animals and plants, to conduct a comprehensive
analysis and detailed annotation of inferred ES proteins, also with
specific reference to candidate molecules already being assessed as
intervention targets (Nagaraj et al., 2008b). We predicted 4710 ES
proteins from these ESTs. In total, 2632, 786 and 1292 ES proteins were
predicted for animal-, human- and plant-parasitic nematodes. Subse-
quently, we systematically analysed ES proteins using computational
methods. Of these 4710 proteins, 2490 (52.8%) had homologues in C.
elegans, whereas 621 (13.8%) appeared to be novel, currently having
no significant match to any molecules available in public databases. Of
the C. elegans homologues, 267 were linked to strong ‘loss-of-function’
phenotypes by RNAI in this nematode. We could functionally annotate
1948 (41.3%) sequences using the GO terms, established pathway
associations for 573 (12.2%) sequences using KEGG and predicted
protein interaction partners for 1774 (37.6%) molecules. We also
mapped 758 (16.1%) inferred peptides to protein domains, including
the nematode-specific protein families “transthyretin-like” and
“chromadorea ALT,” presently considered as vaccine candidates
against filariasis in humans (cf. Nagaraj et al., 2008b). In conclusion,
this set of ES proteins provides an inventory of known and novel
members of ES proteins, to support studies on the molecular biology
of parasitic nematodes and their interactions with their hosts as well
as for the development of novel drugs or vaccines for parasite
intervention.

8. Conclusions and implications

We have described a systematic approach to the analysis of EST
data from parasitic nematodes, applicable to a myriad EST datasets
currently available. The platforms, ESTExplorer and EST2Secretome,
are user-friendly and allow relevant analyses and annotations of data.
These platforms can be logically extended for the analysis of a wide
range of parasites, to identify novel molecules of nematodes
implicated in host-parasite interactions. Our focus on N-terminal
signal sequence-mediated, secreted protein identification is in
accordance with other recent EST analyses of datasets for the root-
knot nematode, Meloidogyne chitwoodi (see Roze et al., 2008) and the
filarial nematode, Brugia malayi (see Hewitson et al., 2008). However,
from combined transcriptomic and proteomic analyses of B. malayi,
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Moreno and Geary (2008) reported the presence of several proteins
that may be secreted through non-classical secretory pathways.
Hence, additional tools for the inference of secreted proteins in toto
in helminth parasites need to be developed and incorporated into
EST2Secretome. New tools, such as SNP discovery (miraEST; Chevreux
et al., 2004), digital gene expression profiling (GBA server; Wu et al.,
2005) and the identification of molecular markers (GemProspector;
Fredslund et al, 2006), could also be integrated. The accurate
alignment of ESTs to their cognate or related genomic sequences is a
prerequisite to the study of alternative splicing, gene discovery
projects and comparative genomics. The incorporation of efficient
tools (e.g., BLAT, Kent, 2002; MGAlign, Lee et al., 2003; GMAP, Wu and
Watanabe, 2005) with the option of submitting EST data to
ESTExplorer for alignment to a genome sequence of interest will
enhance its annotation capabilities.

New generation sequencing technologies, such as 454-Roche
(www.454.com; Margulies et al., 2005), ABI-SOLiD (www.appliedbio-
systems.com; Pandey et al., 2008), Illumina-Solexa (www.illumina.
com; Bentley et al., 2008) and Helicos (www.helicosbio.com; Harris
et al, 2008), provide unique prospects for high-throughput tran-
scriptomic and genomic explorations of parasitic helminths, yielding
enormous amounts of data at substantially lower cost than incurred
for conventional (Sanger) sequencing. This advance now requires
substantial enhancements to be made to existing platforms for the
efficient and accurate assembly and annotation of such large datasets
at the DNA and protein levels, enriched with GO, protein domain and
pathway information.

On the other hand, novel targets for anthelmintic drugs and/or
vaccines have been proposed based on genomic-bioinformatic
analyses. Importantly, numerous putative ES proteins containing
nematode-specific domains and their absence from the respective
host(s) are critical requirements to further select key subsets of
molecules for characterization and pre-validation. Results from
proteomic or biochemical studies will further enable the determina-
tion of threshold parameters for EST data analysis within an improved
bioinformatic pipeline, as well as the validation of the protocols for the
identification of ES proteins and other key molecular groups. The
development of substantially enhanced high-throughput pipelines,
capable of addressing detailed nucleotide and protein annotations as
well as ES protein identification for parasitic nematodes, should
accelerate biotechnology research, also by focussing the attention of
the experimental biologist/parasitologist on key genes and gene
products with potential as therapeutics or vaccines.
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Chapter 2: Methods and Applications

Methods and applications that were developed and used in this study are summarised in
Table 2.1. The ensuing publications have also been listed and included in the relevant
chapter.

Table 2.1: Methods, applications and publications

Refer to
Methods/Applications Chapter
Publication
Advanced in silico analysis of expressed sequence tag (EST)
data for parasitic nematodes of major socio-economic 1 {
importance--fundamental insights toward biotechnological
outcomes.
An integrated transcriptomics and proteomics analysis of the
secretome of the helminth pathogen Fasciola hepatica: 3 5
proteins associated with invasion and infection of the
mammalian host.
An analysis of the transcriptome of Teladorsagia 4 3
circumcincta: its biological and biotechnological implications.
TranSeqAnnotator: Large-scale analysis of transcriptomic 5 4
data.
Comparison of adult and fourth larval stage transcriptomic 6 5
data: Teladorsagia circumcincta.
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Chapter 3: An integrated transcriptomics and
proteomics analysis of the secretome of the helminth
pathogen, Fasciola hepatica: proteins associated with

invasion and infection of the mammalian host

3.1 Summary

Fasciola hepatica, a parasitic flatworm of livestock, particularly sheep and cattle causes
the disease, fascioliasis and has recently known to infect the liver of various mammals,
including humans, leading to liver cancer. Identifying novel targets for anthelmintic
compounds and potential antiparasite vaccine candidates is essential with a better

perceptive of biochemical and molecular interactions between hosts and parasites.

We were able to integrate available transcriptomic data with proteomic analysis,
emphasizing on proteases, to understand the complexities involved in the ability of a
developing parasite to sustain itself within the mammalian host. The unannotated adult F.
hepatica ESTs (14,031) from Wellcome Trust Sanger Centre were taken for the analysis of
secretory proteins potentially involved in host-pathogen interactions, as only a few and
mainly redundant Fasciola nucleotide sequences are available in Genbank. The significant
findings of this analysis are the identification of novel proteases with important roles in
host-parasite interplay, mainly cathepsin L and cathepsin B cysteine proteases and
carboxypeptidase and trypsin-like serine proteases (members of two serine protease
families). We could propose that a range of abundant and highly regulated antioxidants are
released via a non-classical trans-tegumental pathway unlike the major proteases of F.
hepatica secreted into the parasite gut via classical ER/Golgi pathway. Overall, the
overview of the protein secretion by F. hepatica with transcriptomic and proteomic
analysis approach represents a significant step in understanding the host-parasite

interactions in fasciolosis.
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An Integrated Transcriptomics and Proteomics
Analysis of the Secretome of the Helminth
Pathogen Fasciola hepatica

PROTEINS ASSOCIATED WITH INVASION AND INFECTION OF THE MAMMALIAN HOST*(S]

Mark W. Robinsont§, Ranjeeta Menon{|, Sheila M. Donnelly$|, John P. Daltont|**1%,

and Shoba Ranganathan**

To infect their mammalian hosts, Fasciola hepatica larvae
must penetrate and traverse the intestinal wall of the duo-
denum, move through the peritoneum, and penetrate the
liver. After migrating through and feeding on the liver, caus-
ing extensive tissue damage, the parasites move to their
final niche in the bile ducts where they mature and produce
eggs. Here we integrated a transcriptomics and proteomics
approach to profile Fasciola secretory proteins that are
involved in host-pathogen interactions and to correlate
changes in their expression with the migration of the para-
site. Prediction of F. hepatica secretory proteins from
14,031 expressed sequence tags (ESTs) available from the
Wellcome Trust Sanger Centre using the semiautomated
EST2Secretome pipeline showed that the major compo-
nents of adult parasite secretions are proteolytic enzymes
including cathepsin L, cathepsin B, and asparaginyl en-
dopeptidase cysteine proteases as well as novel trypsin-
like serine proteases and carboxypeptidases. Proteomics
analysis of proteins secreted by infective larvae, immature
flukes, and adult F. hepatica showed that these proteases
are developmentally regulated and correlate with the pas-
sage of the parasite through host tissues and its encounters
with different host macromolecules. Proteases such as
FhCL3 and cathepsin B have specific functions in larvae
activation and intestinal wall penetration, whereas FhCL1,
FhCL2, and FhCL5 are required for liver penetration and
tissue and blood feeding. Besides proteases, the parasites
secrete an array of antioxidants that are also highly regu-
lated according to their migration through host tissues.
However, whereas the proteases of F. hepatica are se-
creted into the parasite gut via a classical endoplasmic
reticulum/Golgi pathway, we speculate that the antioxi-
dants, which all lack a signal sequence, are released via a
non-classical trans-tegumental pathway. Molecular &
Cellular Proteomics 8:1891-1907, 2009.
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Fasciola hepatica is a helminth (worm) parasite with a
worldwide distribution. Although traditionally regarded as a
parasite of livestock, particularly sheep and cattle, that results
in a large economic loss to the agricultural community it has
recently emerged as an important human infection in many
regions of the world, including South America, Iran, Egypt,
and mainland South-East Asia (1). Dormant larvae contained
within cysts adhere to vegetation and emerge as infective
juveniles (newly excysted juveniles (NEJs))' in the duodenum
following ingestion by animals or humans. They infect their
hosts by rapidly penetrating the intestinal wall and entering
the peritoneal cavity where they break through the liver cap-
sule. After 8—-12 weeks of consistent burrowing, feeding, and
growth within the liver parenchyma they move to their final
destination within the bile ducts where they mature and pro-
duce enormous numbers of eggs (2). The two distinct clinical
phases of fasciolosis are directly related to the migration of
the parasites: acute fasciolosis, which manifests as fever,
abdominal pain, weight loss, and hepatomegaly, is associated
with liver tissue damage and inflammation caused by the
migrating immature parasites, whereas chronic fasciolosis
(usually subclinical) is coupled with the presence of the ma-
ture adult flukes in the bile ducts (1, 3).

These invasive helminth parasites undergo complex
changes as they migrate within their definitive mammalian
hosts. The developing parasites encounter different host tis-
sues and macromolecules and have to contend with a con-
tinually changing physiological microenvironment (such as pH
and oxygen availability) and a mounting humoral and cellular
host immune response. Morphological and ultrastructural

" The abbreviations used are: NEJ, newly excysted juvenile; EST,
expressed sequence tag; rEST, representative expressed sequence
tag; BLAST, basic local alignment search tool; ER, endoplasmic
reticulum; 2-DE, two-dimensional electrophoresis; 1-DE, one-dimen-
sional electrophoresis; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; MSDB, mass spectrometry protein se-
quence database; emPAl, exponentially modified protein abundance
index; E-64, trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane;
Z-Phe-Ala-CHN,, carbobenzoxy-phenylalanyl-alanine-diazomethyl
ketone; FaBP, fatty acid-binding protein; ABC, ATP-binding cassette;
vpB1, vitelline protein B1; IL, interleukin; RNAi, RNA interference; 1-D,
one-dimensional.

© 2009 by The American Society for Biochemistry and Molecular Biology, Inc.
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studies clearly show major alterations of the parasite surface
and gastrodermis, the two host-parasite interfaces, as they
migrate and grow (4). However, we are only beginning to
understand the molecular and biochemical interactions that
occur between host and parasite and how these adjust as the
development of the parasite progresses. A deeper knowledge
of such host-pathogen interplay should provide data on novel
targets for anthelmintic compounds and potential antiparasite
vaccine candidates.

Increasingly proteomics analysis is being used as a means
to investigate the interaction of helminth parasites and their
hosts particularly in cases where obtaining pathogen material
is difficult (5-9). For some helminths these studies have been
facilitated by the availability of large transcriptomics data sets
(10-12). Unfortunately the Fasciola nucleotide sequences
available in GenBank™ are relatively few and highly redun-
dant (298 for F. hepatica and 142 for Fasciola gigantica as of
January 15, 2009), and the adult F. hepatica ESTs currently
available from the Wellcome Trust Sanger Centre (14,031
entries) are unannotated (therefore the current identification of
peptides of interest requires manual BLAST analysis using
specific query sequences). Accordingly in this study we used
the semiautomated EST2Secretome pipeline to analyze all
available F. hepatica ESTs for secretory proteins potentially
involved in host-pathogen interactions (13). EST2Secretome
was developed in our laboratory by optimizing signal peptide-
mediated secreted protein prediction from our earlier predic-
tions of parasitic nematode ESTs (14, 15). We integrated
these transcriptomics data with a proteomics analysis of the
molecules secreted by adult F. hepatica with a particular
emphasis on proteolytic enzymes. Furthermore we also ana-
lyzed the somatic and secreted molecules of the infective NEJ
parasites and compared these with the secretome of imma-
ture and adult parasites taken from liver tissues. In doing so
we produced a comprehensive view of how F. hepatica dif-
ferentially and developmentally express and secrete proteo-
lytic enzymes and other molecules according to the specific
challenges faced in the intestine, liver, and bile ducts. F.
hepatica cathepsin Bs and cathepsin L (FhCL3) are stored as
zymogens within the infective larvae ready to be trans-acti-
vated by specific asparaginyl endopeptidases and released to
perform the highly specific function of host tissue invasion
(intestinal epithelium and liver capsule). By contrast, cysteine
proteases belonging to the phylogenetic clades FhCL1,
FhCL2, and FhCL5 are expressed during the later stages
within the liver and bile duct and function in tissue degrada-
tion and feeding alongside the cell lytic protein saposin and a
newly described prolylcarboxypeptidase. Several novel devel-
opmentally regulated cathepsin L and cathepsin B cysteine
proteases and members of two serine protease families,
namely carboxypeptidase and trypsin-like serine proteases,
which may also have important roles in host-parasite inter-
play, were also identified. Finally our observations led us to
propose that whereas the major proteases of F. hepatica are

secreted into the parasite gut via a classical ER/Golgi path-
way, an array of abundant and highly regulated antioxidants
are released via a non-classical trans-tegumental pathway.

EXPERIMENTAL PROCEDURES

Analysis of the F. hepatica ESTs Using EST2Secretome—Tran-
scriptome analysis for secretory proteins from 14,031 Fasciola EST
sequences, available from the Sanger Centre, UK, was performed
using the semiautomated EST2Secretome pipeline recently reported
by Nagaraj et al. (13). The EST2Secretome pipeline integrates a
number of high quality programs for EST cleaning (SeqClean and
RepeatMasker), assembly into contigs and singletons (CAP3), con-
ceptual translation (ESTSCAN), and prediction of secreted proteins
based on the presence of N-terminal secretory signal sequences
(SignalP) and follows with the elimination of membrane proteins using
transmembrane hidden Markov models (TMHMM). This approach has
proven to be very reliable in identifying secretory proteins from a
number of helminths including the bovine lungworm Dictyocaulus
viviparus (16), gastrointestinal worm Trichostrongylus vitrinus (15),
and the hookworm Ancylostoma caninum (17). The predicted secre-
tory proteins are extensively annotated for functional protein families
and motifs (InterProScan), gene ontologies (BLAST2GO) pathways
KEGG orthology-based annotation system (KOBAS), protein-protein
interactions (comparison with IntAct), mapping to Caenorhabditis el-
egans proteins (from WormPep), and subsequent correlation to RNAI
phenotype data. The SignalP threshold value for secretory signal
peptide prediction was set at 0.5 as determined for the large scale
secretory protein prediction from helminth parasite ESTs (13).

Independently unannotated Fasciola ESTs that matched MS/MS
data were used as queries for BLASTn (18) searches of all nucleotide
sequences in the GenBank and European Molecular Biology Labora-
tory (EMBL) databases. Searches were performed using the National
Center for Biotechnology Information (NCBI) server. Open reading
frames were constructed from the Fasciola EST sequences (guided
by their best BLASTn hits), and hypothetical proteins derived from
their conceptual translation were submitted to the InterProScan al-
gorithm (19) to detect conserved domains and motifs to help assign
putative protein identifications.

Proteomics Analysis of Parasite Somatic and Secreted Proteins:
Gel Electrophoresis and Mass Spectrometry—The profile of proteins
secreted by adult F. hepatica has been recently studied using two-
dimensional electrophoresis (2-DE) by us and others (8, 20, 21).
However, because of the paucity of material that can be obtained for
the infective NEJ parasites and 21-day-old liver stage parasites we
used 1-DE in the present study. Nevertheless we validated this ap-
proach by subjecting adult parasite secretory proteins to 1-DE and
comparing the data with those reported by Robinson et al. (8). Protein
samples were analyzed by 1-DE using NUPAGE® Novex® 4-12%
Bis-Tris gels (Invitrogen). NUPAGE lithium dodecyl sulfate sample
buffer plus Sample Reducing Agent (Invitrogen) were added to the
samples, and samples were heated at 95 °C for 5 min prior to elec-
trophoresis. Gels were stained with colloidal Coomassie Blue G-250
(Sigma) and destained with 10% methanol (v/v) and 7% acetic acid
(v/v). Following visualization, gel lanes were cut into six sections for
analysis by mass spectrometry. Briefly the individual gel sections
were cut into smaller pieces (~1 mm?) and reduced and alkylated with
5 mwm tributylphosphine and 20 mm acrylamide (Sigma) in 100 mm
NH,HCO, for 90 min. The excised sections were then in-gel digested
with trypsin (Sigma proteomics grade), and the peptides were solu-
bilized with 2% formic acid (Sigma) prior to analysis by nano-LC-ESI-
MS/MS using a Tempo nano-LC system (Applied Biosystems) with a
C,g column (Vydac) coupled to a QSTAR Elite QqTOF mass spec-
trometer running in information-dependent acquisition mode (Applied
Biosystems). Peak list files generated by the Protein Pilot v1.0 soft-
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ware (Applied Biosystems) using default parameters were exported to
local MASCOT v2.1.0 (Matrix Science) or PEAKS (Bioinformatics So-
lutions Inc.) search engines for database searching.

Database Searches—MS/MS data were used to search 3,239,079
entries in the MSDB (September 8, 2006) using MASCOT whereas
PEAKS software was used to search the 14,031 F. hepatica EST
sequences from the Wellcome Trust Sanger Institute. The enzyme
specificity was set to trypsin, propionamide (acrylamide) modification
of cysteines was used as a fixed parameter, and oxidation of methi-
onines was set as a variable protein modification. The mass tolerance
was set at 100 ppm for precursor ions and 0.2 Da for fragment ions.
Only one missed cleavage was allowed. For MASCOT searches,
matches achieving a molecular weight search (MOWSE) score >70
with at least two high scoring individual peptides were considered to
be significant (6, 7). For PEAKS searches of the Fasciola EST data-
base, at least two high scoring (>60%) matching peptides were
required. However, other criteria were considered in assigning a
positive identification including concordance between the calculated
theoretical molecular mass of the protein and the observed position of
the polypeptide by 1-DE. To account for matches to multiple mem-
bers of the Fasciola cathepsin family, we searched for peptides spe-
cific to individual enzymes or clades (Ref. 8; see “Results”). The
proteomics data and transcriptome analysis were integrated to give a
more complete view of gene expression/secretion in adult F. hepat-
ica. This integrated data set provided a framework for comparison
with the infective NEJs and 21-day-old immature flukes at the sub-
proteome (i.e. secretome) level.

Quantitation of Fasciola Proteins by Exponentially Modified Protein
Abundance Index (emPAIl)—We analyzed the emPAI provided in the
output of the MASCOT MS/MS ion search to estimate the relative
expression of proteases and antioxidants identified in the develop-
mental stages of F. hepatica. The emPAl used by MASCOT is a
modification of the formula developed by Ishihama et al. (22) and
gives a label-free relative quantification of the proteins in a mixture.
The raw emPAl values obtained represent the transformed ratio of the
number of experimentally observed peptides (composed of unique
precursor ions, including different charge states of the same peptide,
that match or exceed the threshold level for homology or identity) to
the total number of peptides that can theoretically be detected within
the operating mass range and retention time range of the mass
spectrometer (calculated by MASCOT based on the mass of the
protein, the average amino acid composition of the database
searched, and the enzyme specificity). For this analysis, the raw
emPAl values (averaged from three separate gels) for all Fasciola
proteases or antioxidants identified were added to give a figure rep-
resenting total expression for each within a particular developmental
stage. The raw emPAI values for each individual protease or antiox-
idant were then converted to a percentage of this total to estimate
their relative expression levels (see Figs. 2A and 3A). As the method
used by MASCOT to calculate the number of observable peptides
differs from that originally described by Ishihama et al. (22) and is not
freely available, it was decided not to calculate emPAl values manu-
ally for those proteins identified using the PEAKS software to avoid
introducing errors into the subsequent analysis. To account for re-
dundancy, molecules potentially containing shared sequences were
grouped together (e.g. all cathepsin B variants were classed as FhCB,
all cathepsin L1 variants were classed as FhCL1, etc.).

Excystment of F. hepatica Metacercariae and Preparation of So-
matic Larvae Proteins—The dormant cysts of F. hepatica metacer-
cariae contain two layers, the outer of which can be contaminated
with plant or other extraneous material. Here we describe a method
for removing the outer cyst and adhered material so that somatic
proteins of the dormant infective larvae can be analyzed. In addition,
we describe a rapid method for activating the larvae and inducing

them to emerge from the cysts so that in vitro secreted proteins can
be isolated. Thus, F. hepatica metacercariae (Baldwin Aquatics Inc.,
Monmouth, OR) were vortexed for 10 s in 0.5% sodium hypochlorite
and then incubated at room temperature for 20 min (this procedure
dissolves the outer cyst layer). They were then washed three times in
distilled water by centrifugation at 2000 X g for 2 min. The juvenile
larvae, which were now only contained within a clear inner cyst layer,
were used to prepare somatic protein extracts and secretory proteins.
To prepare the somatic extracts the parasites were homogenized in
RIPA buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm PMSF, 1 mm
EDTA, 1% Triton X-100, 1% sodium deoxycholate (Sigma), 0.1%
SDS, 1X Complete Mini protease inhibitor mixture (Roche Applied
Science)) and placed on ice for 30 min. The protein extract was
centrifuged at 13,000 rpm for 10 min to remove insoluble debris, and
the supernatant was stored at —20 °C until use.

To prepare secreted proteins the washed parasites were resus-
pended and incubated in excystment medium (0.5% sodium bicar-
bonate, 0.4% sodium chloride, 0.2% sodium taurocholate, 0.07%
concentrated HCI, 0.006% L-cysteine) for up to 3 h at 37 °C in 5%
CO,. NEJs emerged from the cysts within 2-3 h and were transferred
to prewarmed (37 °C) culture medium, RPMI 1640 medium (Invitro-
gen) containing 2 mm L-glutamine, 30 mm HEPES, 0.1% (w/v) glucose,
and 2.5 pg/ml gentamycin, and cultured for 24 h.

To determine whether cysteine proteases were essential to cyst
rupture, F. hepatica metacercariae (50 per treatment in triplicate) were
either excysted with medium as described above or in medium lacking
the 0.006% (w/v) L-cysteine or supplemented with the cysteine protease
inhibitors trans-epoxysuccinyl-L-leucylamido(4-guanidino)butane (E-64,
Sigma) or 1 mm carbobenzoxy-phenylalanyl-alanine-diazomethyl ke-
tone (Z-Phe-Ala-CHN,, Bachem, St. Helens, UK) to a final concentration
of 1 mm. The numbers of excysted parasites were counted after 3-h
incubation at 37 °C in 5% CO,, and the data were analyzed using
Student’s t test. The experiments were repeated twice.

Preparation of Immature and Mature Adult F. hepatica Secretory
Proteins—Immature F. hepatica flukes (21 days old) were recovered
from the livers of female BALB/c mice (experimentally infected with 20
metacercariae), whereas adult parasites were recovered from the bile
ducts of Merino sheep 16 weeks after an experimental infection with
200 metacercariae. Immature and adult parasites were washed in
prewarmed (37 °C) PBS, pH 7.3, before transfer to culture medium (as
described above) for 24 and 8 h, respectively. Secretory proteins were
concentrated from the culture supernatants by precipitation with
methanol/chloroform as described previously (6). Pellets were resus-
pended in 10 ul of RIPA buffer and stored at —20 °C prior to sepa-
ration by electrophoresis.

RESULTS

Transcriptomics Profiling of Adult F. hepatica Secretory
Proteins— Of the 14,031 adult F. hepatica raw EST sequences
available, a total of 12,954 (92.3%) quality sequences were
obtained (Table I). Cluster analysis of the 12,954 ESTs yielded
4236 representative ESTs (rESTs; 2749 contig and 1487 sin-
gleton sequences) of which 2960 (68.9%) had open reading
frames. These preprocessed ESTs ranged from 60 to 2093 bp
with a mean of 569 bp and S.D. of 268 bp. After clustering, the
mean length of the contigs increased to 788 bp with S.D. of
358 bp. The G + C content of the coding sequences was
44.5%, which is similar to the figure of 43.5% reported for the
adult bovine lungworm D. viviparus from EST analysis (16).
This value is slightly higher than that reported for the related
trematode Schistosoma mansoni (34%; Ref. 23) but consist-
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TaBLE |
Summary analysis of 14,031 adult F. hepatica ESTs using
EST2Secretome
The contigs and singletons generated by preprocessing, overall
rESTs, peptides from conceptual translation, and putative secretory
proteins identified are shown.

F. hepatica ESTs Numbers

Raw sequences obtained

Cleaned sequences

Clusters of multiple sequences (contigs)
Clusters of singletons

Total rESTs

Putative peptides

Secreted proteins (SignalP cutoff, 0.5)

14,031
12,954 (92.3%)
2,749 (19.6%)
1,487 (10.6%)
4,236 (30.2%)
2,960 (68.9% rESTs)
160 (5.4% peptides)

ent with those reported for nematodes (32-51%; Ref. 24), C.
elegans (37%), and Caenorhabditis briggsae (38%) (25).

All rESTs were then subjected to analysis using our re-
cently reported semiautomated bioinformatics platform
(EST2Secretome; Ref. 13) to predict secretory proteins from
the F. hepatica EST database. Using this approach, we
identified a subset of parasite proteins likely to participate in
the most significant interactions that occur between the
adult stage of this parasite and its mammalian host. Thus,
173 Fasciola secretory proteins were predicted by the
EST2Secretome pipeline with 160 true positives based on
the EST2Secretome annotation mapping homology to
proteins in a non-redundant secreted protein database
(SecProtSearch) derived from the literature, the secreted
protein database SPD (26), and the manually curated signal
peptide database SPdb (27) as well the gene ontology an-
notations of subcellular localization of the top homologues
identified by BLAST (92.5% accuracy) (Table I). Because
ESTs are usually not full length and are often truncated,
manual inspection of the final data set is required as it is
possible that transmembrane sequences are erroneously
identified as secreted proteins and thus elude the filtration
step by TMHMM.

From the detailed annotations of the 160 adult secreted
proteins the predominance of cathepsin L cysteine pro-
teases is clearly evident as these are represented by a total
of 66 (41.2%) proteins (Table Il and supplemental Table 1).
Robinson et al. (8) recently showed that the adult F. hepatica
cathepsin L proteases separated into five distinct clades. Of
these 66 adult rESTs encoding cathepsin Ls, 48 (72.5%)
represented clade FhCL1 (38 subclade FhCL1A and 10
subclade FhCL1B), 11 (17%) encoded clade FhCL2, and
two (3%) encoded clade FhCL5 cathepsins (8). Consistent
with Robinson et al. (8) no cDNAs encoding clades FhCL3 or
FhCL4 were detected in the adult ESTs because these
proteases have been reported as specific for the infective
NEJ (see below and Ref. 28). Interestingly five rESTs (7.5%)
encoded cathepsin Ls that could not be placed into any of
the five phylogenetic clades based on primary sequence
alignment analysis.

The next most abundant secreted protein based on the
number of ESTs identified was saposin-like protein 3 that has
been reported as a secreted protein by Grams et al. (29) and
suggested to play a role in red blood cell lysis (30). Other
proteins of interest to our study include several novel cathep-
sin B cysteine endoproteases (designated cathepsins B4-—
B10 in the current study), four novel asparaginyl endopepti-
dases or legumains (designated legumains 4-7 in the current
study), and a cysteine protease inhibitor, cystatin. Additionally
three putative novel adult serine proteases were identified: a
serine carboxypeptidase and two proteins with trypsin-like
protease domains. Other ESTs encoded secreted vitelline
protein B1 that is found in eggs produced by the adult para-
site (31) (Table II).

A Fasciola protein-disulfide isomerase was also predicted
that has previously been identified in the secretions of adult
flukes (32). Protein-disulfide isomerases have roles in protein
folding, and a Fasciola recombinant enzyme was shown to
mediate the oxidative refolding of reduced RNase (32). A
putative peptide with a number of cubulin domains was also
predicted in the current analysis. Cubulin domains occur pre-
dominantly in extracellular proteins or plasma membrane-
associated proteins with a range of functions including
complement activation, tissue repair, cell signaling, and
inflammation (33). Although the Fasciola peptide contains a
predicted N-terminal transmembrane region, its molecular
function remains unknown. We note that although ortho-
logues are available for six proteins, including an uncharac-
terized secretory protein from Clonorchis sinensis, their
function remains elusive. A total of 36 secreted proteins
(21.9%) are novel, but no database matches exist at the
present time (Table Il).

Proteomics Profiling of Adult F. hepatica Secreted Pro-
teins—We and others have previously characterized the major
secretory proteins expressed by adult F. hepatica using 2-DE
(8, 20, 21). To complement these earlier studies and to vali-
date the use of 1-DE for proteomics analysis, we analyzed
tryptic digests extracted from gel sections of adult F. hepatica
secreted proteins (see Fig. 1) by mass spectrometry. Twenty-
two different proteins secreted by adult F. hepatica were
identified in this analysis: 19 matched to previously identi-
fied Fasciola cDNAs, and three corresponded to putative
proteins encoded by novel ESTs identified by our present
EST2Secretome analysis but were unidentified by Robinson
et al. (8) (Figs. 2B and 3B and supplemental Tables 2 and 3).

In accordance with the transcriptomics predictions, cathep-
sin L proteases were highly represented in adult fluke secre-
tions. Matches to 13 cathepsin L sequences were observed
and included clades FhCL1, FhCL2, and FhCL5 enzymes
(FhCL4 or FhCL3 enzymes were not detected) (8). These
identifications were based on the presence of clade-specific
peptide matches such as NSWGLSWGER (ion m/z 596.30,
+2) and VTGYYTVHSGSEVELK (ion m/z 590.32, +3) that are
clade 1-specific peptides and three peptides, DYYYVTEVK

1894 Molecular & Cellular Proteomics 8.8

40



Developmental Regulation of the Fasciola Secretome

TaBLE Il
Secretory proteins predicted from adult F. hepatica rESTs

Adult F. hepatica secretory proteins were predicted using the EST2Secretome pipeline (13) using the default SignalP threshold value of 0.5.
Their putative functionality based on BLAST analysis and the presence of InterPro domains is shown. Supporting proteomics data from the
three Fasciola life cycle stages and the RNAi phenotypes for their C. elegans homologues are also shown. Imm, 21-day-old immature fluke;
Ad, adult fluke; Ste, sterile; Lvl, larval lethal; Lva, larval arrest; Emb, embryonic lethal; Gro, slow growth; Unc, locomotion abnormal; Daf, dauer
formation abnormal; Pvl, protruding vulva; Dpy, dumpy; Slu, sluggish; Clr, clear; age, life span abnormal; Age, extended life span; Stp, sterile
progeny; Rup, exploded through vulva; Ric, aldicarb-resistant; Cons, constipated; Mig, cell migration abnormal; Gom, gonad migration
abnormal; Bmd, organism morphology abnormal. —, none.

RNAi phenotypes of

Description (top BLAST hit) Organism InterPro domains rESTs Proteomics data C. elegans homologues
Cathepsin L F. hepatica Peptidase C1A 66 NEJ, Imm, Ad Emb, Gro, Unc
Novel proteins (no significant hits) - —_ 36 - —
Saposin-like protein 3 F. hepatica Saposin B 13 Imm, Ad Enlb, Gro, Unc, Ste, Pvl,
va
Vitelline protein B1 F. hepatica Trematode eggshell 9 —_ Daf
synthesis
Cathepsin B endoprotease F. hepatica Peptidase C1A 6 NEJ, Imm —
Legumain Opisthorchis viverrini  Peptidase C13, legumain 5 NEJ, Imm Emb
Cystatin F. hepatica Proteinase inhibitor 125, 3 — Gro
cystatin
Unknown proteins C. sinensis — 3 NEJ, Ad? Ste, Lvl, Lva, Emb
Uncharacterized proteins® S. japonicum New Pfam domain 2 — —
Protein-disulfide isomerase F. hepatica Disulfide isomerase 2 Imm Gro, Lva, Bmd, Dpy, Emb,
Unc, Slu, CIr
SJCHGCO01895 protein S. japonicum Peptidase S1 and S6 2 — Emb
Cubulin Canis familiaris cuB 2 NEJ —
Unnamed protein Tetraodon nigroviridis  Deoxyribonuclease | 1 —_ Emb, Lva
SJCHGCO00967 protein S. japonicum Deoxyribonuclease I 1 — age
Apoferritin-2 S. japonicum Ferritin 1 Imm bar-1(ga80)
Hypothetical protein Aedes aegypti Phospholipase D 1 — —
SJCHGC06223 protein S. japonicum Peptidase S10, serine 1 — —
carboxypeptidase
Cyclophilin B Xenopus tropicalis Peptidyl-prolyl cis-trans 1 NEJ, Ad —
isomerase
Unnamed protein Kluyveromyces lactis — 1 — —
Peptidoglycan recognition protein Argopecten irradians ~ Amidase 2 1 — Stp
Myoglobin 2 P. westermani Globin, globin-like 1 — Cons, Gom, Emb, Rup,
Bmd, Mig, Gro
SJCHGC09717 protein S. japonicum — 1 — —
Gag-pol polyprotein Strongylocentrotus — 1 — Age, Ric
purpuratus

2 ldentified in adult F. hepatica secretions following gel filtration (data not shown).

b New protein family assigned to this protein: PF11703.

(m/z 590.26, +2), VTGYYTVHSGDEIELK (m/z 604.32, +3),
and LTHAVLAVGYGSQDGTDYWIVK (m/z 798.42, +3), char-
acteristic of FRCL2 cathepsin Ls as well as the presence of
peptides such as NSWGTWWGEDGYIR (m/z 863.90, +2) and
FGLETESSYPYR (m/z 724.85, +2) that aid the identification of
clade 5 cathepsin Ls (8). The three previously unidentified
secreted proteins were saposin, a peptidyl-prolyl cis-trans
isomerase, and a protein with homology to an uncharacter-
ized C. sinensis secretory protein.

Several proteins that were predicted to be secreted by
EST2Secretome were not identified by mass spectrometry of
the adult parasite secretome both in this study and in the
studies of Jefferies et al. (20), Morphew et al. (21), and Rob-
inson et al. (8); these were cathepsin B, legumain, serine
carboxypeptidase, two trypsin-like enzymes, and the eggshell
vitelline protein B1. On the other hand, proteomics analysis
detected four fatty acid-binding proteins (FaBP1, FaBP2,

FaBP3, and Fh15) and two redox enzymes (peroxiredoxin and
thioredoxin) that were not predicted by EST2Secretome anal-
ysis. A putative novel prolylcarboxypeptidase (also observed
in 21-day-old immature parasites; see below) was also iden-
tified by mass spectrometry and yet was not predicted to be
a secretory peptide. This is surprising because at least one
adult fluke EST (Fhep06a01.q1k) encoding the N-terminal end
of the enzyme contains a putative signal peptide. However,
this EST was not retained as a singleton after repeat masking
and truncation in the early stages of EST processing in
EST2Secretome.

Identification of F. hepatica Dormant Larval Somatic Pro-
teins and NEJ Secretory Proteins— By removing the outer cyst
layer of the dormant metacercarial infective stage of the par-
asite we could extract somatic protein without contamination
with extraneous proteins and analyze these by 1-DE. Approx-
imately 14 protein bands could be visualized following Coo-
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Fic. 1. Analysis of F. hepatica somatic and secretory proteins
by 1-DE. Shown is the typical 1-D profile of somatic proteins ex-
pressed by dormant F. hepatica larvae as well as proteins secreted by
F. hepatica NEJs (NEJ), 21-day-old immature flukes (Immature), and
adult parasites (Adult). Proteins (10 ug) were separated using Nu-
PAGE Novex 4-12% Bis-Tris gels (Invitrogen) and stained with col-
loidal Coomassie Blue G-250. Following trypsin digests, peptides
were extracted from gel sections 1-6 and analysed by mass
spectrometry.

massie Blue-stained SDS-PAGE (Fig. 1) that on inspection
appeared very similar to the banding pattern of Fasciola larval
somatic proteins reported by Tkalcevic et al. (34). Proteins in
these bands were in-gel digested with trypsin and analyzed
by nano-LC-ESI-MS/MS, and the resulting CID data were
used for database searching. A total of 26 different Fasciola
dormant larvae proteins were identified: 12 matched to pre-
viously identified Fasciola cDNAs (or cDNAs from related
trematode species), and 14 corresponded to proteins en-
coded by novel ESTs (Figs. 2B and 3B and supplemental
Tables 2 and 3). A further five peptides encoded by Fasciola
ESTs were also identified, but these lacked conserved protein
domains and could not be assigned putative functions based
on BLAST searches.

Of the 26 positively matched Fasciola proteins six were
proteases including two cathepsin L3 proteases, three ca-
thepsin B endopeptidases, and an asparaginyl endopepti-
dase-like precursor (discussed in detail below). Others in-
cluded structural proteins related to muscle function such as
actin, myosin-regulatory light chain, and a troponin C homo-
logue (supplemental Tables 2 and 3). Four metabolic enzymes
were also identified: pyruvate carboxylase (gluconeogenesis),
malate dehydrogenase (tricarboxylic acid cycle), and aldolase
and enolase (glycolysis). Mass spectrometry data also
matched to a putative cullin protein (roles in protein degrada-
tion and ubiquitination), a cyclophilin-like peptidyl-prolyl cis-
trans isomerase, and a tetraspanin membrane protein. Other

notable peptide matches included the Fasciola antioxidant
enzyme peroxiredoxin, two histone proteins, a heat shock
protein 70, dynein light chain, a ribosome production factor,
ribosomal protein L30, and a protein bearing a conserved
RNA-binding motif (supplemental Tables 2 and 3).

By using an artificial medium that replicated the surfactant
and reducing conditions in the duodenum we could activate
the dormant infective larvae and induce them to excyst. Pro-
teins secreted by F. hepatica NEJs during in vitro culture were
isolated from the medium, separated by 1-DE, and analyzed
by nano-LC-ESI-MS/MS (Fig. 1). Matches to 29 different pro-
teins, of which 10 were proteases including seven cathepsin
L3 proteases, one cathepsin B, and two asparaginyl en-
dopeptidase-like proteases, were obtained from MS/MS data
from Fasciola NEJ secreted proteins.

Other protein matches to Fasciola cDNA sequences in-
cluded enolase, three fatty acid-binding proteins (Fh2, Fh3,
and Fh15), and peroxiredoxin (Fig. 3B and supplemental Ta-
bles 2 and 3). A further 16 different putative peptides were
identified following searches of the F. hepatica EST database
including the metabolic enzymes fructose-bisphosphate al-
dolase, phosphoenolpyruvate carboxykinase, glyceralde-
hyde-3-phosphate dehydrogenase, malate dehydrogenase,
and an ATPase. Other matches included putative structural
proteins such as calponin, spermadhesin, histones (H2A,
H2B, and H4), redox enzymes (thioredoxin and peptidyl-prolyl
cis-trans isomerase), and an uncharacterized protein with pre-
dicted transmembrane regions. Finally molecules with roles in
protein turnover such as ubiquitin and a putative serpin were
also identified.

Identification of Immature F. hepatica Secretory Proteins—
Parasites were removed from the livers of infected mice and
maintained in vitro for collection of secreted proteins. The
overall complexity of the secretory proteins of these 21-day-
old immature F. hepatica was greater compared with that of
the NEJs or adult parasites (Fig. 1) and yielded a total of 45
different protein identifications (Figs. 2B and 3B and supple-
mental Tables 2 and 3). Of these, 34 were matched to previ-
ously identified Fasciola cDNAs, and 11 corresponded to
putative proteins encoded by novel ESTs. Mass spectrometry
data also matched to peptides encoded by a further two F.
hepatica EST sequences that lacked conserved protein do-
mains and could not be assigned putative functions based on
BLAST searches.

Of the 45 positively matched proteins 22 were proteases
and included 14 cathepsin Ls, four cathepsin Bs, three aspar-
aginyl endopeptidases (legumains), and a newly discovered
prolylcarboxypeptidase. The remaining 23 proteins secreted
by the immature liver stage parasites included a GST Sigma
class enzyme, four isoforms of Mu class GSTs (GST1, GST7,
GST47, and GST 51), four fatty acid-binding proteins (FaBP1,
FaBP2, FaBP3, and Fh15), two saposin-like proteins (SAP1
and SAP3), two enzymes of glycolysis (enolase and triose-
phosphate isomerase), and two enzymes involved in cell re-
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Fic. 2. Expression of F. hepatica
proteases. A, the expression levels of
the major proteolytic enzymes used by
F. hepatica during its mammalian life cy-
cle. The label-free emPAIl (22) derived
from Fasciola MS/MS CID data was
used to determine the abundance of the
various cathepsin Ls (FhCL), cathepsin
Bs (FhCB), and asparaginyl endopepti-
dases (FhAE) that are expressed by ju-
venile flukes (dormant larvae) and se-
creted by the immature (liver stage)
flukes and adult (bile duct stage) para-
sites. B, identification of F. hepatica pro-
teases by nano-LC-ESI-MS/MS. Dor-
mant larvae somatic proteins and those
secreted by NEJs, 21-day old immature
flukes and adult F. hepatica were sepa-
rated by 1-DE and analyzed by nano-LC-
ESI-MS/MS. Mass spectrometry data
were submitted to either the MSDB or a
custom-made database composed of all
F. hepatica ESTs (14,031 entries) cur-
rently available from the Wellcome Trust
Sanger Centre using MASCOT and
PEAKS software, respectively. Adult F.
hepatica ESTs that matched with
MS/MS data were submitted as queries
to BLASTn (18) or conceptually trans-
lated and submitted to InterProScan (19)
to detect conserved domains and mo-
tifs. Footnotes are as follows. 7, MAS-
COT scores are given for matches to F.
hepatica cDNAs. 2, number of unique
peptide matches. 3, raw emPAl values
provided by the MASCOT search engine
give an approximate quantification of the
protein (22). These values were con-
verted to a percentage of total protease
expression within each Fasciola devel-
opmental stage (see “Experimental Pro-
cedures”) and were used to generate the
pie charts shown in A. 4, section of the
1-D gel from which the peptides were
identified. 5, PEAKS scores (expressed
as a percentage) are given for matches
to peptides encoded by F. hepatica
ESTs. 6, single peptide-based identifica-
tion (see supplemental Fig. 4).

F. hepatica protease expression

Juvenile Immature Adult
Infective stage: —- Immature stage: — Mature stage:

Penetration Migration/Feeding Feeding/Reproduction

Accession Fasciala protein Score'  Unique Yo Mr emPAI'  Section®
tides’  cover

Dormant larvae somatic
ATUNB2 Cathepsin B 294 5 24 376 029 2
Q8I7B2 Procathepsin B2 precursor 111 3 9 380 009 2
ASX494 Cathepsin B3 223 1f 22 310 036 1-3
ABWTI0 Procathepsin L 235 7 21 356 030 2
QUGRW6 Procathepsin L3 194 7 21 353 031 2
Q71IM2 Legumain-like precursor | 266 7 21 47.8 030 1-3
Fhep29h09.q1k Putative legumain 2 76° 5 12 . - 1
NEJ secreiome
P80527 Hemoglobinase-like protein | 17 2 85 22 217 2,3
Fhep29h09.qlk Putative legumain 2 99 12 12 - 1-5
QIGRW4 Partial procathepsin L3 99 11 23 5.1 - 2-5
QIGRW6 Partial procathepsin L3 99°% 8 23 354 - 2-5
QI5SVAT Cathepsin L 99° 5 27 374 - 2-5
B3TM67 Cathepsin L3 99* 9 26 35.1 - 2-5
B3TM6E Cathepsin L3 99° 9 39 353 - 2-5
ABWA3IE Metacercarial cathepsin L 99° 12 34 374 - 2-5
ABWTIO Metacercarial procathepsin L 99° 13 38 357 - 2-5
HAN4015b05.q1kT3  Putative cathepsin B4 88’ 3 11 - - 3
Immature fluke secretome
ATUNB2 Cathepsin B 113 .4 7 376 009 2
QRITB2 Pro-cathepsin B2 precursor 99 2 6 380 0.8 5
Fhepd5b05.g1k Putative cathepsin B3 97° [ 13 - - 2
HAN4006g01.q1kT3  Putative cathepsin B6 99° [ 9 - - 2
Q711IM2 Legumain-like precursor 412 31 16 478 070 2
AGYIUS Legumain-1 328 15 20 479 059 2
AGYIU9 Legumain-2 176 3 10 483 022 2
Q8T579 Cathepsin L 334 12 32 351 106 3
Q7INQ9 Secreted cathepsin L1 447 16 37 367 182 3
Q6ROI8 Cathepsin L protein 292 13 24 366 100 3
Q24940 Cathepsin L-like proteinase 356 15 32 368 136 3
Q9GRWS Cathepsin L1 282 12 27 351 088 3
Q7INQS Secreted cathepsin L2 363 12 37 370 067 3
ASZIV3 Secreted cathepsin L2 470 14 39 370 098 3
ASXA83 Cathepsin L2 367 14 39 245 1L.78 3
AZFMGE Cathepsin L 228 9 30 ey 019 3
QUSVAT Cathepsin L 235 T 15 374 0.8 3
ASWB3E Cathepsin L 274 6 25 373 029 3
QINGW3 Cathepsin L. 204 7 11 369 054 3
QINB3IO Cathepsin L. 257 5 13 31 041 3
Q2HPD3 Cathepsin L1 proteinase 220 12 19 365 063 6
HAN4005b02.q1kT3  Putative prolylcarboxypeptidase 99° 10 33 & =
Adult secretome
QTINQ9 Secreted cathepsin L1 552 20 39 36.7 1.82 1
ASZIV3 Secreted cathepsin L2 444 12 34 370 1.16 1
QINB30 Cathepsin L 372 9 18 37.1 041 1
QET529 Cathepsin L 481 17 40 35.1 1.25 1
QIGRW3S Cathepsin L1 476 21 32 335.1 1.06 1
Q6ROIE Cathepsin L protein 451 ) 38 36.6 1.37 1
Q24940 Cathepsin L-like proteinase 444 19 33 36.8 1.58 1
ASX483 Cathepsin L2 401 16 45 245 216 1
024945 Cathepsin L-like protease 348 7 35 185 095 1
P81222 Cathepsin L-like proteinase 297 12 57 123 458 1
QINGW3 Cathepsin L. 254 7 12 369 041 1
ASX484 Cathepsin L1 114 4 20 243 0.4 1
ABIS98 Cathepsin L 77 2 7 28.1 - 1
Fhep30b01.glk Putative prolylcarboxypeptidase 92° 8 13 - - 1
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A F. hepatica antioxidant expression

FaBP/Fh15
Peroxiredoxin
FaBP3

Thioredoxin

Peroxiredoxin

Juvenile Immature Adult
Infective stage: — Immature stage: —- Mature stage:
Penetration Migration/Feeding Feeding/Reproduction
B
Accession  Fasciola Protein Score Unique % Mr emPAI’  Section®
peptides' cover

Dormant larvae somatic
BOLT92 Peroxiredoxin 163 3 16 254 0.29 3

NEJ secretome

Q7IM4G1 Fatty acid-binding protein type 2 90 3 27 14.9 0.26 5
QoU1G6 Fatty acid-binding protein type 3 217 3 31 14.6 1.03 5
Q7IM4GO Fatty acid-binding protein Fh15 104 2 20 14.7 0.61 5
Immature fluke secretome

QO6ATIL GST sigma class 138 4 23 24.5 0.14 3
P56598 GST mu class 26 kDa isozyme 1 (GST1) 303 9 38 25.7 0.63 3
P31671 GST mu class 26 kDa isozyme 7 (GST7) 361 14 34 25.3 2.05 3
P31670 GST mu class 26 kDa isozyme 47 (GST47) 381 15 44 25.3 2.04 3
P30112 GST mu class 26 kDa isozyme 51 (GST51) 390 16 39 25.3 1.70 3
BOLT92 Peroxiredoxin 237 5 21 245 0.29 3
076945 Protein disulfide isomerase 199 6 14 55.1 0.06 3
QIUAS2 Fatty acid-binding protein 1 77 4 16 14.6 0.23 5
Q7MA4G1 Fatty acid-binding protein type 2 141 6 50 14.9 0.23 6
QOU1G6 Fatty acid-binding protein type 3 141 3 28 14.6 0.23 5
Q7M4G0  Fatty acid-binding protein Fh15 349 14 59 14.7 5.55 5
Adult secretome

BOLT92 Peroxiredoxin 211 5 21 254 0.29 1-3
QoU1GT7 Thioredoxin 83 2 22 1.6 0.30 2
QIUAS2 Fatty acid-binding protein | 107 3 16 14.6 0.52 23
Q7MA4G1 Fatty acid-binding protein type 2 153 5 44 14.9 0.23 23
QIU1G6 Fatty acid-binding protein type 3 81 2 18 14.6 0.23 2
Q7MA4G0  Fatty acid-binding protein Fh15 208 7 51 14.7 0.23 2,3

Fic. 3. Expression of F. hepatica antioxidants. A, the expression levels of the major antioxidant molecules used by F. hepatica during its
mammalian life cycle. The emPAl values (22) derived from Fasciola CID data were used to determine the abundance of the various antioxidants that
are expressed and/or secreted by juvenile flukes (dormant larvae and NEJs) and secreted by the immature (liver stage) flukes and adult (bile duct
stage) parasites. B, identification of F. hepatica antioxidants by nano-LC-ESI-MS/MS. Dormant larvae somatic proteins and those secreted by
NEJs, 21-day-old immature flukes, and adult F. hepatica were separated by 1-DE and analyzed by nano-LC-ESI-MS/MS. MASCOT searches were
performed against the MSDB. Footnotes are as follows. 7, number of unique peptide matches. 2, raw emPAI values provided by the MASCOT
search engine give an approximate quantification of the protein (22). These values were converted to a percentage of total antioxidant expression
within each Fasciola developmental stage (see “Experimental Procedures”) and were used to generate the pie charts shown in A. 3, section of the
1-D gel from which the peptides were identified.
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dox homeostasis (peroxiredoxin and protein-disulfide isomer-
ase). Other significant peptide matches included annexin,
ferritin, ubiquitin, a 14-3-3 protein, a multicystatin, and a
putative ATP-binding cassette (ABC) transporter protein.

DISCUSSION

The database of F. hepatica ESTs available from the Well-
come Trust Sanger Centre is now sufficiently large to allow a
significant transcriptomics analysis of this helminth pathogen
that until now has been lacking in this field. We used our newly
developed EST2Secretome pipeline to analyze these data
sets with the view to identifying molecules secreted by the
adult trematode F. hepatica unlike earlier applications to nem-
atode parasites that focused on the complete transcriptome.
Furthermore we integrated these results with data generated
from proteomics analysis performed here and in previous
reports (8, 20, 21) to build a picture of how the developing
parasite sustains itself within the mammalian host with par-
ticular emphasis on proteases as virulence and tissue-dam-
aging factors.

EST2Secretome analysis of the adult F. hepatica ESTs
identified 160 cDNAs encoding secreted proteins, 41% of
which encoded cathepsin L cysteine proteases. The abun-
dance of adult cathepsin L sequences was noted in a previous
analysis of entries in the public databases (8, 35). When these
sequences were subjected to a phylogenetic investigation it
was demonstrated that they could be separated into five
clusters or clades: FhCL1, FhCL2, FhCL3, FhCL4, and FhCL5.
Because of the high level of conservation between the clades
it was not possible to study temporal patterns of specific
cathepsin gene expression by conventional means (such as
RT-PCR). Analysis of the >14,000 adult parasite EST se-
quences in the present study confirmed the expression of
three of these distinct clades (FhCL1, FhCL2, and FhCL5) in
this fully mature stage of the parasite. It also supported the
lack of expression of clades FhCL3 and FhCL4 in adult par-
asites, although proteases encoding these genes are ex-
pressed by NEJs (see below and Ref. 28). We also identified
five novel cathepsin L proteases that although encoded by
partial nucleotide sequences (contigs 1553, 2626, and 1886
and singletons Fhep55b05.q1k and Fhep18b10.q1k) may rep-
resent a new phylogenetic cluster.

The F. hepatica cathepsin L proteases, the largest family
of proteases known in any helminth pathogen, arose by a
series of gene duplications. Members underwent selective
functional diversity brought about by specific alterations
within the active site that ultimately produced a repertoire of
proteases with overlapping but distinct substrate specificity
(8). Our proteomics investigation was consistent with the
EST2Secretome analysis by demonstrating the predominance
of these proteases in the adult F. hepatica secretome (~80%
of total protein secreted) and indicated a major role for the
enzymes in supporting the existence of the parasites within
the bile duct. Here the adult parasites are obligate blood

feeders, and therefore the most obvious function for the ca-
thepsin L enzymes is in the digestion of blood macromole-
cules. Recently Lowther et al. (36) showed that members of
the most predominant cathepsin L clade, FhCL1, have
evolved an active site with a strong preference for hydropho-
bic amino acids, such as Leu, Ala, Phe, and Val, that are
particularly abundant in hemoglobin (42%) indicating a spe-
cific adaptation for digestion of this protein. Hemoglobin is the
prime supplier of amino acids that the parasites use in the
anabolism of egg proteins, a major task because they pro-
duce 30-50,000 eggs/day/worm (37). Members of the other
major clade, FhCL2, have specific amino acid substitutions in
the active site cleft that gives these proteases the ability to
cleave substrates with Pro residues and facilitates the degra-
dation of proline-rich interstitial collagen during the migration
of the parasites through the tissues (38).

Consistent with the importance of assimilating nutrients from
host red blood cells was the identification of ESTs encoding a
saposin-like molecule as the next most abundant in the data
set. This protein, which was termed FhSAP-2 because of its
similarity to a saposin-like protein family and the amoebapore
precursors of Entamoeba histolytica, has been implicated in the
penetration and lysis of ingested host red blood cells not only in
Fasciola (29, 30) but also in other helminths (39). Saposin-like
molecules are likely secreted from granules within cells lining
the parasite esophagus so that ingested red blood cells are
lysed as soon as they enter the digestive track. Hydrolysis of
released hemoglobin by the cathepsin L proteases then takes
place in the acidic cecum (37).

Several Fasciola proteins predicted as components of the
secretome by our EST2Secretome analysis were not iden-
tified by mass spectrometry in secretions of adult parasites
maintained in culture (8, 20) or within the bile ducts (21). The
most highly represented of these was the major eggshell
protein vitelline protein B1 (vpB1), which is produced by
mature vitelline cells to form the hard protective trematode
eggshell (31). However, because this process occurs within
the ootype and uterus of the adult fluke it is likely that vpB1
is retained within the eggshell and not secreted outside the
parasite. Other examples are the transcripts encoding six
novel cathepsin B cysteine proteases and five new aspar-
aginyl endopeptidases. Although some isotypes of these
proteases are secreted by the infective larvae and immature
liver stage flukes (see below), they are absent from the
secretome of adult F. hepatica or F. gigantica as previously
reported using biochemical, proteomics, and immunoblot-
ting methods (8, 40, 41). Considering these observations
and the fact that cathepsin B and asparaginyl endopepti-
dases also function internally within cells (42, 43), it is likely
that these newly discovered proteases have functions
within the internal tissues of this complex multicellular par-
asite and are involved in generalized protein turnover, re-
modeling, and/or catabolism. Alternatively or additionally,
because immunocytochemistry and in situ hybridization
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have localized cysteine proteases and transcripts to the
reproductive structures of other trematodes (44, 45) these
proteases may be involved in the process of egg produc-
tion. Other proteins identified by EST2Secretome analysis
but not by proteomics, including the previously uncharac-
terized proteins such as deoxyribonucleases, carboxypep-
tidase, and trypsin-like peptidases that have homologues in
Schistosoma japonicum and C. sinensis, may also be con-
fined to internal tissues of the parasite or be expressed and
secreted at levels below the detection capacity of the pro-
teomics methods so far used (cDNAs of these were poorly
represented in the transcriptome of the adult parasite).

Conversely a number of F. hepatica proteins that have
previously been described as major components of the adult
parasite secretions by standard protein and proteomics meth-
ods were not predicted by the EST2Secretome pipeline.
These included the fatty acid-binding proteins FaBP1, FaBP2,
FaBP3, and Fh15 (20, 21) and two redox enzymes, thioredoxin
and peroxiredoxin (20, 46-48). Primary sequence analysis
using SignalP (49) confirmed that these proteins lacked pre-
dicted N-terminal signal peptides for secretion via the classi-
cal ER/Golgi pathway, and hence they must be released by
alternate mechanisms. Morphew et al. (21) suggested that
release of Fasciola FaBPs was due to shedding of the tegu-
ment as part of a stress response during in vitro culture of
parasites because they were not detected in vivo. However,
morphological studies have shown that blebbing or shedding
of the F. hepatica surface tegument and renewal by proteins
synthesized by highly metabolic subtegumental cells is a con-
tinuous property that may be an immunodefensive strategy (4,
50). This non-classical mechanism for protein secretion may
be compared with those reported for some leaderless eu-
karyotic proteins, for example the ER/Golgi-independent
secretion of leaderless peptides including interleukin (IL)-
1a, IL-1B, and fibroblast growth factor-2 (51). In the case of
IL-1B, which is processed and activated by caspase-1, it
has been proposed that both molecules are packaged to-
gether into plasma membrane blebs (by ABC transporters)
and are rapidly released as microvesicles following phos-
pholipase-mediated fusion with the plasma membrane (52—
54). The identification of a phospholipase in the transcrip-
tome of adult flukes (Table Il) together with the presence of
ABC transporters within the tegument (55) supports the
possibility of a similar mechanism for the ER/Golgi-inde-
pendent secretion pathway in Fasciola.

In summary, our EST2Secretome pipeline was successful in
identifying the major secreted proteins of adult F. hepatica.
Integration of this analysis with proteomics data is important
for the study of helminth host-pathogen relationships to dis-
tinguish proteins that are secreted extracorporeally from
those secreted within the internal tissues of the parasites.
Additionally this integrated approach identified major helminth
secreted proteins that may reach the exterior by novel or
non-classical secretory pathways.

Proteomics Analysis of the Dormant and Infective Stage
Larvae—Having collated the secretome data for adult F. he-
patica we performed a comparative analysis of adult F. he-
patica with the infective larvae that invade their host by pen-
etrating the intestinal wall. The larvae of F. hepatica (<1 mm in
length) are released by the intermediate snail host (Galba
truncatula) and encyst on vegetation that is consumed by the
host. For research purposes these are produced in an aquar-
ium, and the larvae are allowed to encyst on cellophane.
However, because under these conditions the encysted
metacercariae can become contaminated with extraneous
material we used a method of washing in 2% hypochlorite to
remove this and the outer cyst wall so that a proteomics study
of the dormant larvae could be performed. We also used a
medium containing bile duct surfactants to activate the larvae
and induce them to excyst so that their secretome could be
analyzed. We found that the level of Fasciola excystment was
significantly reduced when the excystment medium excluded
the reducing agent L-cysteine (91% reduction, p = 0.0008;
not shown) compared with medium containing L-cysteine. The
requirement for reducing conditions implied a role for cysteine
proteases in the excystment process because the activity of
these thiol-dependent proteases is enhanced in the presence
of reducing agents. We therefore proved this point by showing
that the level of excystment was significantly reduced when the
broad range cysteine protease inhibitor E-64 (98% reduction,
p = 0.0433) or the cathepsin-specific inhibitor Z-Phe-Ala-CHN,
(99% reduction, p = 0.0205) were added to the excystment
medium. Proteomics analysis of soluble extracts of dormant
larvae and the secretions of the NEJs identified 26 and 29
proteins, respectively (Figs. 2B and 3B and supplemental Ta-
bles 2 and 3). Significantly 23% of all the somatic larval proteins
and 31% of the secreted proteins were cysteine proteases
consisting of cathepsin L (37%), cathepsin Bs (45%), and as-
paraginyl endopeptidases (18%). Because the former two
classes are potently inhibited by E-64 and Z-Phe-Ala-CHN, but
the latter class is not, the results implicate cathepsin Ls and/or
cathepsin B in the process of cyst rupture.

Phylogenetics studies showed that cDNA clones generated
from transcripts of Fasciola larvae, designated clade FhCLS3,
encoded a cathepsin L protease that was specific to this
infective stage (8, 35); the cDNA encoding this protease,
FhCL3_nl22, was originally described by Harmsen et al. (56).
Earlier studies by Tkalcevic et al. (34) using N-terminal se-
quencing to identify proteins expressed by larvae reported a
sequence of a cathepsin L cysteine protease that we now
know matches exactly with the predicted N terminus of
FhCL3_nI22 (56). More recently, Cancela et al. (28) confirmed
the restricted expression of FhCL3 and another protease,
FhCL4, to infective larvae by isolating cDNAs encoding these
enzymes from a F. hepatica larvae-specific cDNA library and
subsequently by using RT-PCR expression analysis. No
FhCL4 peptides were identified in the present analysis sug-
gesting that this enzyme may be expressed at low levels,
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performs specific intracellular functions, and is not secreted
by F. hepatica. However, we confirmed the presence of
FhCL3 in NEJ by identifying several FhCL3-specific peptides
with matches to FhCL3_nl22. It is noteworthy that the mass of
the dormant larvae somatic cathepsin L3, which was found in
a protein band migrating at ~37 kDa, is consistent with that of
an inactive cathepsin L precursor, or zymogen, which is sup-
ported by the presence of mass ion m/z 644.28, +2 that
matched to a peptide (SNDVSWHEWK) found only within the
N-terminal prosegment region of the protease. No peptides
matching with cathepsin Ls were identified in protein bands in
the region corresponding to the fully processed and active
mature enzymes, i.e. mass ~24 kDa (Fig. 1, NEJ secretome
gel section 3). By contrast, although a few cathepsin L3
peptides were present at ~37 kDa in the secretome of NEJ
(including the FhCL3 prosegment peptides LGLNQFTDLT-
FEEFK (m/z 901.49, +2) and SNDVSWHEWK (m/z 644.28,
+2)), the most robust peptide matches were obtained from
gel sections at the molecular mass of ~24 kDa corresponding
to the size of a fully activated mature enzyme (Fig. 1, NEJ
secretome gel section 3). Collectively these observations
show that the dormant larvae of F. hepatica express a specific
cathepsin L protease, FhCL3, stored as an inactive zymogen
that is rapidly secreted and activated following emergence
from their cysts to become infective larvae.

Fasciola cathepsin B-like cysteine proteases were also
identified in somatic extracts of larvae with peptides matching
to proteins encoded by three different cDNAs that were
previously designated cathepsin B1 (UniProt accession num-
ber A7UNB2),2 cathepsin B2 (UniProt accession number
Q817B2),® and cathepsin B3 (UniProt accession number
A5X494; Ref. 28). All three cathepsin B proteases were iden-
tified in intense protein bands that migrated in reducing SDS-
PAGE at molecular masses of ~36-50 kDa and ~50-70 kDa
(Fig. 1, dormant larvae gel sections 1 and 2) suggesting that
like FACL3 these may represent stored zymogens. The pres-
ence of peptides FINIEHFK (m/z 524.28, +2) and QHL-
GLLEETPEER (m/z 775.89, +2) confirmed the existence of
cathepsin B2 as an unprocessed zymogen whereas peptides
QNLGVLEETPEDR (m/z 750.36, +2) and YSVSENDLPESF-
DAR (m/z 864.90, +2; which spans the juncture between the
prosegment and the mature domain) indicate that cathepsins
B1 and B3 are also stored as zymogens by Fasciola NEJs.

However, unlike the FhCL3, we also found some cathepsin
Bs at ~20-36 kDa (Fig. 1, NEJ secretome gel section 3),
which is consistent with the occurrence of processed active
enzymes within the dormant larvae (which have a predicted
molecular mass of 29.6 kDa; Ref. 57). Although each of the
three cathepsin Bs were also found as fully active enzymes in
the secretions of larvae, in the region of ~20-36 kDa, we also
discovered a novel family member, encoded by a Fasciola

2 E. Ljunggren, M. Kozak, and L. Jedlina-Panasiuk, unpublished data.
3 E. Khaznadii, M. Peloille, and N. Moire, unpublished data.

EST HAN4015b05.q1kT3 (here designated cathepsin B4) (Fig.
2B and Table Il).

Cysteine proteases are produced as inactive zymogens
consisting of a prosegment and mature domain (58). The
prosegment lies along the active site groove (in reverse to the
direction of protein substrates) preventing unwanted hydrol-
ysis during trafficking and storage of the protease within the
cell. Removal of the prosegment from the mature domain
exposes the active site of the hydrolase to entry of macromo-
lecular protein substrates. Dalton et al. (59) proposed that this
activation step is mediated by proteolytic clipping at a “pro-
tease-susceptible” region between the prosegment and ma-
ture enzyme and that this event may be performed by the
same or another protease molecule. Dalton and Brindley (60)
and Dalton et al. (59) proposed that in F. hepatica and S.
mansoni an asparaginyl endopeptidase (otherwise known as
legumain), which cleaves peptide bonds C-terminal to Asn
residues, is involved in the trans-processing and activation of
cathepsin L and B cysteine proteases. In support of this
argument all members of these classes of cysteine protease
in both helminth parasites possess an Asn residue in the
vicinity of the prosegment/mature juncture (8, 60, 61). Further-
more, Sajid et al. (62) and Beckham et al. (57) provided ex-
perimental evidence by showing that a recombinant as-
paraginyl endopeptidase could trans-process and activate
recombinant cathepsin B of F. hepatica and S. mansoni. In the
present study, we identified two asparaginyl endopeptidases
in the somatic proteins and secretome of Fasciola NEJs. One
of the identified enzymes (legumain-like precursor, TrEMBL
accession number Q711M2; termed legumain 1) matched
exactly with an N-terminal sequence for asparaginyl en-
dopeptidase obtained from NEJ somatic proteins by Tkal-
cevic et al. (34). Although this enzyme retains the His'®® of the
conserved catalytic dyad residues, the Cys®°° is replaced by
a serine residue, and therefore this enzyme may display an
altered substrate specificity compared with the normal aspar-
aginyl endopeptidases. However, the enzyme does contain a
conserved asparagine residue (Asn®2°) that is required for
C-terminal processing to an active mature enzyme (63). The
second legumain-like protease identified in the NEJ somatic
protein extracts is encoded by a Fasciola EST (identifier
Fhep29h09.q1k; termed legumain 2), but as this EST is in-
complete at the 5'-end, it is not possible to determine whether
the enzyme encoded by this sequence retains the conserved
active site His'®®/Cys?°° dyad. Interestingly the enzyme en-
coded by the legumain 2 EST lacks the conserved Asn®2®
required for autoactivation. The overlapping primary se-
quence of the two enzymes exhibits 51% identity, and there-
fore individual enzymes were easily differentiated on the basis
of their tryptic peptides. Notwithstanding the anomalies within
the sequence of these two enzymes, the data suggest that the
NEJ possesses the enzymatic machinery to rapidly process
and activate the stored zymogens of cathepsins L and B.
Recently Morita et al. (64) reported that purified bovine aspar-
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Somatic proteases expressed by dormant larvae and those secreted by NEJs, immature flukes, and adult F. hepatica identified by mass

TasLE I

Database of the repertoire of proteases expressed by F. hepatica in the mammalian host

spectrometry are shown.

. . . Dormant NEJ Immature Adult
Accession no. Fasciola protein
larvae secretome secretome secretome

FhCL1A

Q8T5Z9 Cathepsin L - + +

Q7JNQ9 Cathepsin L1 - - + +

Q6R018 Cathepsin L protein - + +

Q2HPD3 Cathepsin L1 proteinase - - + +

Q24940 Cathepsin L-like proteinase — + +
FhCL1B

Q9GRW5 Cathepsin L1 — + +
FgCL1C

Q8MUT6 Cathepsin L - - -
FhCL2

Q7JNQ8 Secreted cathepsin L2 - + +

A5Z1V3 Secreted cathepsin L2 - + +

A5X483 Cathepsin L2 — + +

A3FMG6 Cathepsin L - + -
FhCL3

Q95VA7 Cathepsin L + + + —

A8W638 Cathepsin L + + + -

A8W7J0 Metacercarial procathepsin L - + - -

Q9GRW4 Partial procathepsin L3 + — -

Q9GRW6 Partial procathepsin L3 - + - -

B3TM67 Cathepsin L3 + - -

B3TM68 Cathepsin L3 - + - -
FhCL4

Fhep55b05.q1k Putative cathepsin L - - -
FhCL5

QINGW3 Cathepsin L + +

Q9NB30 Cathepsin L - + +
Cathepsin B

A7UNB2 Cathepsin B1 + — + -

Q8l7B2 Cathepsin B2 + - + —

A5X494 Cathepsin B3 + — — —

HAN4015b05.9q1kT3 Putative cathepsin B4 - + - -

Fhep45b05.q1k Putative cathepsin B5 — + -

HAN4006901.q1kT3 Putative cathepsin B6 - + +2

Fhep44e10.q1k Putative cathepsin B7 — — +@

Fhep11b02.q1k Putative cathepsin B8 - - - +2

FhContig1639 Putative cathepsin B9 — — +2

FhContig2164 Putative cathepsin B10 - - - +2
Asparaginyl endopeptidases

Q711M2 Legumain-like precursor 1 + + + —

Fhep29h09.q1k Putative legumain 2 + + - -

ABY9US Legumain 3 - - + +2

ABYOU9 Legumain 4 - + +@

Fhep21f02.q1k Putative legumain 5 - - - +2

FhContig1272 Putative legumain 6 - - +@

FhContig2292 Putative legumain 7 - - - +2
Prolylcarboxypeptidase (s28)

Fhep30b01.q1k Putative prolylcarboxypeptidase - - + +
Serine carboxypeptidase (s10)

FhContig542 Putative serine carboxypeptidase - - - +2
Trypsin-like serine proteases

FhContig492 Putative peptidase S1/S6 - - - +2

FhContig2453 Putative trypsin-like Ser/Cys - - +2

2 Expression data only available at the transcript level.
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aginyl endopeptidase can degrade fibronectin, a major com-
ponent of the extracellular matrix. If they possess similar
biochemical properties, a second tangible role for the aspar-
aginyl endopeptidases secreted by the infective larvae could
be to facilitate penetration of the host intestine.

Proteomics Analysis of the Migrating Liver Stage Parasite —
The developmental stage of F. hepatica that migrates through
the liver tissue is responsible for the clinical manifestations
associated with acute animal and human fasciolosis. The
migrating parasite causes extensive physical tissue destruc-
tion, tunneling, and hemorrhaging and induces immunologi-
cally related inflammatory damage (65). To gain insight into
the variety of molecules produced by this parasite stage that
may induce this pathology 21-day-old immature parasites
were removed from the liver of infected mice and maintained
in culture. A proteomics analysis of the medium revealed that
these parasites secreted a greater range of proteins than the
infective and adult stage flukes. In particular, they secreted
the greatest range of cathepsin L cysteine proteases, includ-
ing the FhCL3 that we identified in the NEJ (this was secreted
solely as a mature active form of ~24 kDa). Members of
cathepsin L clades FhCL1, FhCL2, and FhCL5 originally iden-
tified in the adult parasite were also secreted by the immature
flukes (these could be distinguished on the basis of the
clade-/subclade-specific peptide matches described above
and reported previously by Robinson et al. (8)).

Fasciola cathepsins B1 and B2 were also secreted by 21-
day-old immature flukes, whereas cathepsin B3 was not de-
tected. However, mass spectrometry data matched with two
novel putative cathepsin B enzymes that were discovered in
the EST2Secretome of adult ESTs. The enzyme encoded by
EST Fhep45b05.q1k (designated cathepsin B5) was identified
based on matches with the sequence-specific peptides NI-
MYEIMK (m/z 521.25, +2), LLGWGVEDGEK (m/z 601.79, +2),
and FYAISSYNVYGGEK (m/z 799.36, +2) whereas the other,
EST HAN4006g01.q1kT3 (designated cathepsin B6), was dif-
ferentiated due to specific matches with the peptides FSTPK
(m/z 579.29, +1), HTTGALLGGHAIR (m/z 652.35, +2), and
TSYNLLHNEETIMK (m/z 846.90, +2).

Three asparaginyl endopeptidases were identified within
the secretory proteins of the immature 21-day-old flukes.
These included the NEJ legumain-like precursor legumain 1
with the altered Cys?°%/Ser?°° active site residue but did not
include the NEJ legumain 2. However, two asparaginyl en-
dopeptidases (designated legumains 3 and 4) appeared to be
specific to the liver migrating stage and, like their homologues
that were originally identified in F. gigantica (41), retained the
conserved catalytic His'®®/Cys®°° dyad and Asn®2® that is
required for C-terminal processing (63). Unlike the asparaginyl
endopeptidases of NEJs, those secreted by the immature
flukes all migrated at ~36 kDa suggesting that they had
undergone some processing events to lead to fully active
enzymes. It is possible that besides functioning in the trans-
processing of cathepsins L and B the asparaginyl endopep-

tidases of the immature parasites participate in host tissue
degradation.

Mass spectrometry data from the immature 21-day-old F.
hepatica (and subsequently found in the adult parasite secre-
tome) matched with several ESTs encoding a putative prolyl-
carboxypeptidase (Fig. 2B and Table lll). The exopeptidase
contains a predicted N-terminal signal peptide and a con-
served catalytic triad (Ser'®", Asp*'3, and His*®®) that is char-
acteristic of the s28 family of serine peptidases including
prolylcarboxypeptidase. Although this is the first report of a
putative prolylcarboxypeptidase from a trematode pathogen,
orthologues have been identified in parasitic nematodes in-
cluding the gastrointestinal worm Haemonchus contortus
where the enzymes act as anticoagulants to facilitate a blood-
feeding lifestyle (66). It is likely that the Fasciola prolylcar-
boxypeptidase performs a similar role, acting alongside the
saposin-like proteins to prevent blood coagulation to ensure
effective lysis of ingested host red blood cells. A role for the
putative prolylcarboxypeptidase in Fasciola nutrition is sup-
ported by the absence of the enzyme in the NEJ, which does
not possess a functional gut.

Relative Expression Levels of Fasciola Proteases and Rela-
tionship to Virulence and Tissue Invasion—For F. hepatica
NEJs, the emPAI data indicated that cathepsin L3 and ca-
thepsin B enzymes were expressed at similar high levels
(accounting for 37 and 45% of total proteases, respectively)
whereas asparaginyl endopeptidases represented 18% of to-
tal proteases detected. By using inhibitors of cathepsin-like
proteases we showed that excystment of the infective larvae
is dependent on the cathepsin L3 and cathepsin B proteases.
Asparaginyl endopeptidases are likely to be essential for the
rapid trans-processing and activation of the stored zymogens
of cathepsins L and B, and hence it is probable that one of the
first steps in activation of the dormant larvae is the switching
on of the genes encoding these enzymes. A role for cathepsin
L and B proteases in the penetration of the host by NEJ was
recently demonstrated using RNA interference methods by
McGonigle et al. (67). Knockdown of both cathepsin L and
cathepsin B transcripts in NEJ parasites blocked the ability of
the larvae to penetrate and traverse the intestinal wall of a
rodent host. Therefore, the two types of cysteine proteases,
working together, must be responsible for degrading the in-
testinal tissue macromolecules to enable the rapid penetra-
tion of the host intestine. Cysteine proteases are also essen-
tial for infectivity of the closely related schistosome parasites
(S. mansoni and Trichobilharzia regenti) that enter their hosts
via the skin (68) and for the cyst emergence and infectivity of
larvae of the trematode Paragonimus westermani (69-71).

Correlating with the migration of the parasites into the liver
tissue and the development of the gut apparatus (beginning at
~10 days; Ref. 36) the expression pattern of proteases be-
comes more complex. For the migrating parasite, the secre-
tion of FhCL3 and cathepsin B becomes less important as
these proteases account for only 3 and 2% of total proteases,
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respectively. In contrast, members of the other cathepsin L
clades become more highly represented in the secretome:
FhCL1 (50%), FhCL2 (27%), and FhCL5 (7%) (Fig. 2A). This
striking shift in protease expression indicates a requirement
for a new set of proteases for liver migration and for the
degradation of tissue and blood macromolecules. As dis-
cussed above FhCL1 proteases have a particular adaptation
to hemoglobin digestion whereas FhCL2 proteases exhibit
unique collagenase-like activities (FRCL5 appears to be more
closely related to FhCL1; Ref. 72). Asparaginyl endopeptidase
secretion remains relatively high, accounting for 11% of total
proteases secreted by the immature flukes, that may be re-
quired for activation of the cathepsin L proteases and possibly
for directly engaging in tissue degradation. The expression of
the prolylcarboxypeptidase and saposin at this stage signals
the beginning of blood feeding. Working together this profile
of molecules is an effective tissue-destroying machinery es-
sential to parasite migration and growth but, at the same time,
responsible for the pathogenesis associated with acute ani-
mal and human fasciolosis.

After the parasite has entered the bile duct it completes its
maturation and becomes an obligate blood feeder. Blood
provides all the necessary nutrients (macro- and micromol-
ecules) needed for production of an enormous numbers of
eggs, the principle function of the adult parasite (37). The total
protease secretion is assumed completely by the various
cathepsin L proteases, clades FhCL1 (69%), FhCL2 (22%),
and FhCL5 (9%), which can degrade macromolecules such as
hemoglobin to small peptides that are absorbed by the par-
asite for further digestion to free amino acids within its tissues
(36, 37). The emPAIl values determined for adult parasite
proteases are similar to expression data obtained using 2-DE
and densitometry (67, 27, and 5%, respectively; Ref. 8) and
validate the use of emPAl for estimating Fasciola secretory
protein levels in the other developmental stages. Within the
bile duct the parasite can exist for years (cattle) or even
decades (sheep) causing relatively little pathology apart from
anemia and bile duct hyperplasia.

F. hepatica Secretes a Battery of Antioxidant Molecules—It
is worth highlighting that for all three developmental stages of
F. hepatica investigated in this study an array of antioxidant
molecules was secreted in an abundance second only to the
proteases. These included peroxiredoxin, thioredoxin, pro-
tein-disulfide isomerase, four fatty acid-binding proteins
(FaBP1-3 and Fh15), and five GSTs (Sigma and Mu classes)
(20, 21, 32, 46-48, 73). These molecules have been impli-
cated in fluke immune avoidance mechanisms; for example,
secreted isoforms of Fasciola GSTs were shown to decrease
the proliferative response of rat spleen cells and diminish
nitric oxide production by macrophages (73) whereas perox-
iredoxin plays a key role driving host Th2 immune responses
via the recruitment and alternative activation of peritoneal
macrophages (74, 75). Fasciola peroxiredoxin, thioredoxin,
and protein-disulfide isomerase may also protect the para-

sites from harmful reactive oxygen species released by host
immune cells (32, 47, 48, 76).

Analysis of the emPAI values for these various antioxidants
indicates that, like the proteases, their secretion is highly
regulated during the migration of the parasite (Fig. 3A). The
profile of secretory antioxidants is similar for the NEJs and
adult flukes; both secrete several FaBPs together with perox-
iredoxin (although thioredoxin is also secreted by the adult
worms). However, the diversity of the antioxidant molecules
secreted by the immature liver stage parasites is notably
different from those secreted by the other two stages with the
dramatic production of GSTs, including Sigma class GST and
four isoforms of Mu class GSTs (GST1, GST7, GST47, and
GST 51); together these account for 50% of total antioxidants
expressed at this stage. GST may provide a particular defense
for the fluke against a mounting host cellular immune re-
sponse as the immature parasite is in direct contact with the
immune system as it migrates through the liver parenchyma.
At this stage also the parasite has moved from an aerobic to
an anaerobic environment, and therefore significant changes
take place in its metabolism, particularly in the tegument,
which is the primary host-parasite interface (77). Clearly the
combined action of FaBPs, peroxiredoxin, and thioredoxin
offers sufficient protection for the adult flukes residing within
the immunologically privileged bile ducts.

It was also noted that each of the aforementioned antioxi-
dant classes found in the secretome of F. hepatica does not
possess a signal sequence for secretion (with the exception of
protein-disulfide isomerase that also has a putative ER reten-
tion signal and may act as a chaperone to ensure proper
folding of classically secreted Fasciola peptides). This sug-
gests that they are secreted via non-classical mechanisms,
possibly shedding or blebbing of the tegument (see above).
Accordingly we propose that two distinct mechanisms for
protein export operate for the most abundant proteins in
Fasciola: (a) a classical secretion of proteases and other mol-
ecules via the ER/Golgi from specialized gastrodermal cells of
the gut as reported previously (78) and (b) a non-classical
secretion of leaderless Fasciola antioxidants via a trans-teg-
umental route. This has clear implications for the development
of novel anti-F. hepatica chemotherapy and could explain the
additive effects of two of the most potent flukicides, tricla-
bendazole and clorsulon, which act upon the tegument and
gastrodermal cells, respectively (79-81).

Conclusion—Our integrated transcriptomics and proteom-
ics analysis has provided an in-depth overview of protein
secretion by the animal and human pathogen F. hepatica that
represents a significant step toward a comprehensive under-
standing of the host-parasite interactions in fasciolosis. Of
vital importance now is the completion of transcriptome data
sets for both the infective NEJ larvae and immature liver stage
parasites so that a comparative analysis of secretory proteins
can be performed. Nevertheless we have described the se-
cretion of the major molecules of this parasite and correlated
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their expression with critical steps in its migration and devel-
opment within the mammalian host. This will allow a more
strategic and rational approach to future anthelmintic or vac-
cine development programs. It is interesting that several of
the major components of Fasciola secretions identified here
are currently leading candidates for development as first gen-
eration antifluke vaccines (including cathepsins, peroxire-
doxin, glutathione S-transferase, and fatty acid-binding pro-
teins; Ref. 82) or are promising targets for novel flukicidal
drugs (cathepsins; Ref. 83) demonstrating the value of our
integrated approach for the future identification of new targets
for therapeutic intervention.
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Accession Protein Score  Unique peptides’ % cover Mr emPAI’  Section’®
Dormant larvae somatic

A7TUNB2 F. hepatica cathepsin B 294 7 24 37.6 0.29 2
Q8I7B2 F. hepatica procathepsin B2 precursor 111 3 9 38.0 0.09 2
A5X494 F. hepatica cathepsin B3 223 5 22 31.0 0.36 1-3
A8W7J0 F. hepatica procathepsin L 235 7 21 35.6 0.30 2
QIGRW6 F. hepatica procathepsin L3 194 7 21 353 0.31 2
Q711M2 F. hepatica legumain-like precursor 266 7 21 47.8 0.30 1-3
Q71TT8 S. japonicum actin 193 6 21 41.7 0.16 2
Q27655 F. hepatica enolase 169 3 9 46.2 0.15 2
QSDF69 S. japonicum SICHGC06318 protein 98 4 15 41.8 0.08 2
BOLT92 F. gigantica thioredoxin peroxidase 163 3 16 254 0.29 3
Q2YHGI C. sinensis myosin regulatory light chain 93 3 15 235 0.14 3
Q86ET3 S. japonicum Clone ZZD1444 mRNA sequence 76 2 14 17.8 0.19 4
NEJ secretome

Q27655 F. hepatica enolase 871 10 35 46.2 1.17 1,2,4,5
P80527 F. hepatica Hemoglobinase-like protein 1 117 2 85 2.2 2.17 2,3
P91883 F. hepatica thioredoxin peroxidase 160 3 8 21.6 0.63 4,5
Q7MA4G1 F. hepatica fatty acid-binding protein type 2 90 3 27 14.9 0.26 5
QIU1G6 F. hepatica fatty acid-binding protein type 3 217 3 31 14.6 1.03 5
Q7M4G0 F. hepatica fatty acid-binding protein Fh15 104 2 20 14.7 0.61 5
QIGRW4 F. hepatica partial procathepsin L3 (pFH64) 99 11 23 35.1 - 2-5
QIGRW6 F. hepatica partial procathepsin L3 (pFH22) 99 8 23 354 - 2-5
QI95VA7 F. gigantica cathepsin L 99 5 27 374 - 2-5
B3TM67 F. hepatica cathepsin L3 (CL3-uy5) 99 9 26 35.1 - 2-5
B3TM68 F. hepatica cathepsin L3 (CL3-uy9) 99 9 39 353 - 2-5
A8W638 F. hepatica metacercariae cathepsin L 99 12 34 374 - 2-5
A8W7J0 F. hepatica metacercariae procathepsin L 99 13 38 35.7 - 2-5
Immature fluke secretome

Q27655 F. hepatica enolase 602 10 30 46.2 0.62 1
QS5FX78 F. gigantica 14-3-3 protein 210 3 17 28.7 0.39 2
ATUNB2 F. hepatica cathepsin B 113 2 7 37.6 0.09 2
Q8I7B2 F. hepatica pro-cathepsin B2 precursor 99 2 6 38.0 0.18 5
Q711M2 F. gigantica legumain-like precursor 412 31 16 47.8 0.70 2
A6YIUB F. gigantica legumain-1 328 15 20 479 0.59 2
A6YOU9 F. gigantica legumain-2 176 3 10 48.3 0.22 2
QO06A71 F. hepatica GST sigma class 138 4 23 24.5 0.14 3
P56598 F. hepatica GST mu class 26 kDa isozyme 1 (GST1) 303 9 38 25.7 0.63 3
P31671 F. hepatica GST mu class 26 kDa isozyme 7 (GST7) 361 14 34 25.3 2.05 3
P31670 F. hepatica GST mu class 26 kDa isozyme 47 (GST47) 381 15 44 253 2.04 3
P30112 F. hepatica GST mu class 26 kDa isozyme 51 (GST51) 390 16 39 25.3 1.70 3
BOLT92 F. gigantica thioredoxin peroxidase 237 5 21 24.5 0.29 3
076945 F. hepatica protein disulphide isomerase 199 6 14 55.1 0.06 3
Q8T5Z9 F. hepatica cathepsin L 334 12 32 35.1 1.06 3
Q7INQ9 F. hepatica secreted cathepsin L1 447 16 37 36.7 1.82 3
Q6RO18 F. hepatica cathepsin L protein 292 13 24 36.6 1.00 3
Q24940 F. hepatica cathepsin L-like proteinase 356 15 32 36.8 1.36 3
QIGRWS5S F. hepatica cathepsin L1 282 12 27 35.1 0.88 3
Q7INQ8 F. hepatica secreted cathepsin L2 363 12 37 37.0 0.67 3
A5Z1V3 F. hepatica secreted cathepsin L2 470 14 39 37.0 0.98 3
A5X483 F. hepatica cathepsin L2 367 14 39 24.5 1.78 3
A3FMG6 F. hepatica cathepsin L 228 9 30 36.9 0.19 3
QI5VA7 F. gigantica cathepsin L 235 7 15 37.4 0.18 3
A8W638 F. hepatica cathepsin L 274 6 25 373 0.29 3
QINGW3 F. hepatica cathepsin L 204 7 11 36.9 0.54 3
QINB30 F. hepatica cathepsin L 257 5 15 37.1 0.41 3
Q711IN7 F. hepatica putative cys1 protein 197 4 7 79.2 0.13 5
QIUAS2 F. gigantica fatty acid-binding protein 1 77 4 16 14.6 0.23 5
Q7MA4G1 F. hepatica fatty acid-binding protein type 2 141 6 50 14.9 0.23 6
QIU1G6 F. hepatica fatty acid-binding protein type 3 141 3 28 14.6 0.23 5
Q7M4G0 F. hepatica fatty acid-binding protein Fh15 349 14 59 14.7 5.55 5
Q2HPD3 F. hepatica cathepsin L1 proteinase 220 12 19 36.5 0.63 6
Q4KSLS8 F. gigantica saposin-1 94 4 38 11.1 0.31 6
Adult secretome

Q7INQ9 F. hepatica secreted cathepsin L1 552 20 39 36.7 1.82 1
A5Z1V3 F. hepatica secreted cathepsin L2 444 12 34 37.0 1.16 1
QINB30 F. hepatica cathepsin L 372 9 18 37.1 0.41 1
Q8T5Z9 F. hepatica cathepsin L 481 17 40 35.1 1.25 1
QIGRWS5 F. hepatica cathepsin L1 476 21 32 35.1 1.06 1
Q6R018 F. hepatica cathepsin L protein 451 22 38 36.6 1.37 1
Q24940 F. hepatica cathepsin L-like proteinase precursor 444 19 33 36.8 1.58 1
A5X483 F. hepatica cathepsin L2 401 16 45 24.5 2.16 1
Q24945 F. hepatica cathepsin L-like protease 348 7 35 18.5 0.95 1
P81222 F. hepatica cathepsin L-like cysteine proteinase 297 12 57 12.3 4.58 1
QINGW3 F. hepatica cathepsin L 254 7 12 36.9 0.41 1
A5X484 F. hepatica cathepsin L1 114 4 20 243 0.14 1
ABI598 F. hepatica cathepsin L 77 2 7 28.1 - 1
BOLT92 F. gigantica thioredoxin peroxidase 211 5 21 254 0.29 1-3
QIU1G7 F. hepatica thioredoxin 83 2 22 11.6 0.30 2
QIUAS2 F. gigantica fatty acid-binding protein 1 107 3 16 14.6 0.52 2,3
Q7MA4G1 F. hepatica fatty acid-binding protein type 2 153 5 44 14.9 0.23 2,3
QIU1G6 F. hepatica fatty acid-binding protein type 3 81 2 18 14.6 0.23 2
Q7M4G0 F. hepatica fatty acid-binding protein Fh15 208 7 51 14.7 0.23 2,3
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MS/MS data for cathepsin B3 identified in F. hepatica dormant larvae.
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3.2 Conclusions

As a result of this study, several major components of Fasciola hepatica secretions
identified are currently the leading candidates for development as first generation antifluke
vaccines (including cathepsins, peroxiredoxin, glutathione S-transferase, and fatty acid-
binding proteins) or are potential targets for novel flukicidal drugs (cathepsins) signifying
the value of our integrated approach for the future identification of new targets for
therapeutic intervention. As a step for future studies in anthelmintic or vaccine
development, we correlated the secretions of major molecules of this parasite and their
expression with the important steps in the migration and development of the parasite
within the mammalian host. Further, the study of the transcriptome data for the infective
NEJ larvae and immature liver stage parasites will help in the comparative analysis of

secretory proteins.

At the same time, a number of non-classically secreted proteins were identified by
proteomic analysis, which were not detected by the bioinformatics pipeline that we used,
which was dependent on the presence of the classical N-terminal secretory signal, using

SignalP [143], to identify secreted proteins, which we have addressed in Chapter 4.
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Chapter 4: An analysis of the transcriptome of
Teladorsagia  circumcincta: its  biological and

biotechnological implications

4.1 Summary

Teladorsagia  circumcincta classified in the order Strongylid, Superfamily
Trichostrongyloidea and Family Trichostrongylidae is an economically important parasitic
nematode of small ruminants (including sheep and goats) in temperate climatic regions of
the world. This study was focussed to define the transcriptome of the adult stage of 7.
circumcincta (407,357 ESTs) and to surmise the main pathways associated to molecules

known to be expressed in this nematode.

In order to address the bioinformatics prediction of non-classically secreted proteins, we
have included SecretomeP [144] prediction. We also compared the pathway analysis
program, KOBAS [152], used in Paper 3, with KAAS [153], a newly released program
from the authors of the KEGG database [151]. The detailed annotation which includes
pathway mapping of predicted proteins (including 112 excreted/secreted [ES] and 226
transmembrane peptides), domain analysis and GO annotation along with secretory signal
peptides using a combination of bioinformatics tools. The mechanisms of resistance and
anthelmintic actions are yet to be understood completely. As an alternative method to
control parasites an insight into the molecular biology is essential to evade major issues
related with the anthelmintic resistance. Development of a vaccine against this parasite is
essential as sheep developed acquired immunity against this parasite. We report the first
comprehensive analysis of the transcriptome from the adult stage of 7. circumcincta, with
an emphasis on characterization of molecules inferred to be ES proteins as possible

immunogens and vaccine candidates.
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Abstract

Background

Teladorsagia circumcincta (order Strongylida) is an economically important
parasitic nematode of small ruminants (including sheep and goats) in temperate
climatic regions of the world. Improved insights into the molecular biology of this
parasite could underpin alternative methods required to control this and related
parasites, in order to circumvent major problems associated with anthelmintic
resistance. The aims of the present study were to define the transcriptome of the
adult stage of T. circumcincta and to infer the main pathways linked to molecules
known to be expressed in this nematode. Since sheep develop acquired immunity
against T. circumcincta, there is some potential for the development of a vaccine
against this parasite. Hence, we infer excretory/secretory molecules for T.

circumcincta as possible immunogens and vaccine candidates.

Results

A total of 407,357 ESTs were assembled yielding 39,852 putative gene
sequences. Conceptual translation predicted 24,013 proteins, which were then
subjected to detailed annotation which included pathway mapping of predicted
proteins (including 112 excreted/secreted [ES] and 226 transmembrane peptides),
domain analysis and GO annotation was carried out using InterProScan along with
BLAST2GO. Further analysis was carried out for secretory signal peptides using
SignalP and non-classical sec pathway using SecretomeP tools.

For ES proteins, key pathways, including Fc epsilon RI, T cell receptor, and
chemokine signalling as well as leukocyte transendothelial migration were inferred
to be linked to immune responses, along with other pathways related to
neurodegenerative diseases and infectious diseases, which warrant detailed future
studies. KAAS could identify new and updated pathways like phagosome and
protein processing in endoplasmic reticulum. Domain analysis for the assembled
dataset revealed families of serine, cysteine and proteinase inhibitors which might
represent targets for parasite intervention. InterProScan could identify GO terms
pertaining to the extracellular region. Some of the important domain families
identified included the SCP-like extracellular proteins which belong to the
pathogenesis-related proteins (PRPs) superfamily along with C-type lectin,

saposin-like proteins. The ‘extracellular region’ that corresponds to allergen

2
72



V5/Tpx-1 related, considered important in parasite-host interactions, was also
identified.

Six cysteine motif (SXC1) proteins, transthyretin proteins, C-type lectins,
activation-associated secreted proteins (ASPs), which could represent potential
candidates for developing novel anthelmintics or vaccines were few other
important findings. Of these, SXC1, protein kinase domain-containing protein,
trypsin family protein, trypsin-like protease family member (TRY-1), putative major
allergen and putative lipid binding protein were identified which have not been
reported in the published T. circumcincta proteomics analysis.

Detailed analysis of 6,058 raw EST sequences from dbEST revealed 315
putatively secreted proteins. Amongst them, C-type single domain activation
associated secreted protein ASP3 precursor, activation-associated secreted
proteins (ASP-like protein), cathepsin B-like cysteine protease, cathepsin L
cysteine protease, cysteine protease, TransThyretin-Related and Venom-Allergen-

like proteins were the key findings.

Conclusions

We have annotated a large dataset ESTs of T. circumcincta and undertaken
detailed comparative bioinformatics analyses. The results provide a
comprehensive insight into the molecular biology of this parasite and disease
manifestation which provides potential focal point for future research. We identified
a number of pathways responsible for immune response. This type of large-scale
computational scanning could be coupled with proteomic and metabolomic studies
of this parasite leading to novel therapeutic intervention and disease control
strategies. We have also successfully affirmed the use of bioinformatics tools, for
the study of ESTs, which could now serve as a benchmark for the development of

new computational EST analysis pipelines.

Introduction

Parasitic nematodes have a free-living state with their growth and survival
controlled by the surrounding environment, especially by factors such as

temperature and moisture.
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Teladorsagia circumcincta is a key parasite that affect small ruminants in many
countries around the world. Its lifecycle is direct and is similar to a number of
gastrointestinal strongylid nematodes [1]. In brief, eggs released in faeces
develop, and first-stage larvae (L1s) hatch usually within a day. L1s develop
through to infective third-stage larvae (L3s) within about a week. L3s on pasture
are ingested by the ruminant host, within which they exsheath in the
rumenoreticulum and then pass to the abomasum to enter gastric glands and
moult to fourth-stage larvae (L4). After this histotrophic phase, these larvae

develop to adult female and male worms which reproduce.

T. circumcincta can be a major cause of economic loss due to poor
productivity of ruminants, such as sheep and goats, failure to thrive and deaths,
mainly in lambs [2, 3]. Together with other trichostrongylid nematodes, this
parasite is usually controlled using a combination of anthelmintic treatment and
management strategies. The emergence of resistance in trichostrongylids to the
three main classes of anthelmintic drugs, including benzimidazoles (white
drenches), imidazothiazoles/tetrahydropyrimidines (yellow/pink drenches) and
macrocyclic lactones (clear drenches) compromises effective control. Improved
insights into the molecular biology of these parasites have the potential to support
the development of alternative methods of parasite control, in order to circumvent
these resistance problems. Vaccination is considered by some researchers [4] to
be a possible alternative approach to anthelmintic treatment, but attempts to
develop a practical, commercial vaccine have been unsuccessful to date, likely
because of a lack of detailed understanding of the immuno-molecular biology of
the parasites, host-parasite interactions and disease. In spite of the economic
significance of T. circumcincta, particularly in lambs, our understanding of the
spectrum of antigens and immunogens involved in immune responses is still
limited [5-7]. Nonetheless, there is evidence that excretory/secretory (ES)
molecules are intimately involved in inducing and/or modulating the host’s immune
response [8], and it has been proposed that some of them are immunogens which

could serve as potential vaccine targets [9, 10].

Antigenic or immunogenic molecules can be studied using a range of
immunochemical or proteomic approaches [11], and transcriptomic studies can
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strengthen such investigations by providing annotated datasets to allow the
identification and classification of such key molecules. For instance, transcriptomic
study of T. circumcincta has identified a number of components, including N-type
and C-type single domain, activation-associated secreted proteins (ASPs) [5].
Preliminary evidence showed that the proteins inferred to represent the secretome
in T. circumcincta larvae were associated with specific antibody responses in
sheep against this parasite. These proteins might be incorporated into a vaccine
for immunizing sheep to combat the Teladorsagiosis disease [12]. Importantly, N-
type and C-type single domain activation-associated secreted proteins (ASPs) and
T. circumcincta apyrase-1 (Tci-APY-1) in excretory/secretory products of L4s of T.
circumcincta, identified also in transcriptomic studies [5, 13], have been
demonstrated to be targets for early, specific IgA responses in infected sheep [5].
In addition, it has been reported that Tci-MIF-1, a macrophage migration inhibitory
factor (MIF)-like molecule with tautomerase activity, might influence both host
immune responses and nematode physiology [14]. Therefore, a detailed
exploration of the transcriptome of T. circumcincta will provide a vital insight into
the molecular biology of this parasite and should also provide a basis for studying
parasite-host interactions and disease as well as parasite development and
reproduction, with a view towards establishing new methods of prevention,
treatment or control. Extending previous studies of strongylid nematodes [15-18],
we report the first comprehensive analysis of the transcriptome from the adult
stage of T. circumcincta, with an emphasis on characterization of molecules

inferred to be ES proteins.

Materials and methods

The ESTs (NCBI EST database accession numbers SRR328404 and
SRR328405) was generated by LS454 RNAseq sequencing of T. circumcincta
2284716780 fragment cDNA library using 454 GS FLX Titanium instrument. The
dataset was initially assembled and annotated using different tools. Initially, all
ESTs were pre-processed (using SeqClean [19] and RepeatMasker (Smit AFA &
Green P)), for the removal of low-quality regions and consensus sequence
generation using the Contig Assembly Program CAP3 which was followed by
assembly [20]. This step was followed by ESTScan [21] translation of the
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contiguous sequences (contigs) into peptides, which were then characterized via
InterProScan [22] domain/motifs. Gene ontologies were inferred using BLAST2GO
(V 2.3.5) [23], from Gene Ontology (MySQL-DB-data release go_200903) and
InterProScan. Peptides predicted were also compared, using BLASTP, with data
in the non-redundant protein sequence database from National Centre for
Biotechnology Information (NCBI). The peptides were mapped to respective
pathways in C. elegans using KOBAS [24] (KEGG [25] Orthology-Based
Annotation System, KOBAS-1.1.0). The results were compared with pathway
mapping using KAAS [26]. Similarity searches were done for protein databases for
‘parasitic nematodes’ and ‘non-nematodes’ generated in-house.
Homologues/orthologues were identified via comparisons against WormBase
using BLASTX. In addition, data for C. elegans, including RNA interference
(RNAI), gene ontology, pathway and domain analyses were used for functional

annotation.

The program SimiTri [27] was used for the comparison of inferred amino acid
sequence data for T. circumcincta with those available for C. elegans, parasitic
nematode and other organisms in public databases. SimiTri provides a two-
dimensional display of relative similarity relationships among three different
datasets. ES proteins were predicted using SignalP [28] to infer the presence of
secretory signal peptides and signal anchors in predicted proteins. SecretomeP
[29] was also used to predict proteins involved in a non-classical secretory
pathway. Transmembrane proteins were predicted using TMHMM [30], a hidden
Markov model-based program. Predicted proteins lacking transmembrane
domains were subjected to further annotation using data available in Wormpep
[31].

Results

cDNA analysis

From a total of 407,357 raw ESTs representing T. circumcincta, we obtained
366,897 high quality ESTs (Table 1), which ranged from 100-415 bp in length
(mean: 206 bp; standard deviation: 43 bp). After clustering and assembly, the
mean length of contigs increased to 360 bp (standard deviation: 173 bp). The G+C
content of the coding sequence was 42%, consistent with other strongylid
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nematodes [15, 32]. The assembly of the 366,897 ESTs yielded 39,852
representative sequences (22,382 contigs and 17,470 singletons; Table 1), of
which 24,013 (60.3%) had open reading frames (ORFs). Similarity searches of
these representative sequences identified 19,540 (49%) homologues in C.
elegans, 32,476 (81.5%) in other parasitic nematodes and 13,064 (32.78%) in

organisms other than nematodes.

Of the 6,628 (16.63 %) well-characterized molecules known to be associated
with various biological processes (Additional File 1). Similarly, a comparative
analysis of all 39,852 rESTs was also carried out using data from various
nematodes (such as Haemonchus contortus, Necator americanus,
Nippostrongylus brasiliensis, Ostertagia ostertagi, Oesophagostomum dentatum,
Ancylostoma caninum, Dictyocaulus viviparus) [32];Mitreva et al., 2006) to explore
gene conservation within clade V (Additional File 2). The analysis showed that
13,531 ESTs (33.95%) had significant sequence similarity to molecules from the

members of clade V at an e-values cut-off of 1e-05.

6156 of them were mapped to 234 KEGG pathways of the homologues
identified in C. elegans. Oxidative phosphorylation (n=357) and Peptidases (n=277
peptidases) were the highest represented according to the number of peptides
mapped. Other groups of molecules were mapped to metabolic pathways such as
glycine, serine and threonine metabolism (n=93), insulin signaling pathway (n=68),
signal transduction mechanisms (n=54), N-glycan biosynthesis (n=33), galactose
metabolism (n=31), GnRH signaling pathway (n=13), aminosugars metabolism
(n=11), linoleic acid metabolism (n=5), immune and complement and coagulation
cascades (n=4). A list of the KEGG pathways and the corresponding rESTs is

provided as supplementary information (Additional File 3).

Peptides/Proteins

Of the 39,852 rESTs, 24,013 were inferred to have open reading frame (ORFs).

6,470 sequences mapped to 309 KEGG pathways, with the top 30 ‘highly
represented’ pathways categorized by the number of peptides mapped, presented
in Table 2. The main KEGG pathways represented were the peptidases (n=254)
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and ribosomal protein assembly pathway (n=220). Other highly represented
pathways by the peptides include oxidative phosphorylation (n=187) and
chaperones and folding catalysts (n=144). Peptides were mapped to several
pathways, including purine metabolism and glycolysis/gluconeogenesis. We have
also compared our results by mapping the sequences using KAAS where 2,897
sequences were characterized as belonging to 257 pathways, with 30 ‘highly
represented’ pathways, categorized according by the number of peptides mapped,
are presented in Table 3. The main KAAS pathways represented were
Huntington's disease (n=91) and oxidative phosphorylation (n=84). Other highly
represented pathways include the ribosomal protein assembly pathway (n=80),

ubiquitin mediated proteolysis (n=33) and glycolysis/gluconeogenesis (N=29).

Peptides were also mapped to several other pathways, including purine
metabolism and pyrimidine metabolism, pathways in cancer, cysteine and
methionine metabolism, glycolipid metabolism and glutathione metabolism. Among
the highly represented pathways, both KEGG and KAAS identified oxidative
phosphorylation, purine metabolism, glycolysis/gluconeogenesis and ribosomal
protein assembly pathways. We could identify GO terms using InterProScan for
24,013 proteins with 3,801 being assigned as involved in biological process (BP),
5,220 as associated with molecular function (MF) and 1,862 as part of the cellular
component (CC) (Additional File 4). The analysis revealed that oxidation reduction
(GO:0055114) and metabolic process (GO:0008152) were the most common GO
categories representing biological processes. The highest represented GO terms
in molecular function were binding (GO: 0005488) and oxidoreductase activity
(GO:0016491). Whereas in cellular component, the highly represented GO terms
were ribosome (GO:0005840 ) and membrane (GO:0016020). With 138 protein
entries, the protein kinase-like domain family of proteins was the most
represented, followed by SCP-like extracellular domain family, with 126 protein
entries. Other highly represented group of domains are the NAD(P)-binding

domain, allergen V5/Tpx-1 related domain and transthyretin-like domain (Table 4).

Secretome

We inferred 112 excreted/secreted proteins from the present data set of 39,852
rESTs (Additional File 5). Six Transthyretin proteins followed by three saposin-like
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protein1 from A. caninum, three SXC1 (Six Cysteine Motif) proteins of O. ostertagi,
two C-type single domain activation associated secreted protein ASP3 precursor
from O. ostertagi were identified. Two C-type lectin-1 proteins represented in
Heligmosomoides polygyrus and FMRFamide-like prepropeptide from
Oesophagostomum dentatum one each of globin-like protein and putative L3 ES
proteins of O. ostertagi, the bovine parasite which is closely related to T.
circumcincta [33] were also identified. Neuropeptides or neuropeptide precursor
molecules were represented among the annotated ES dataset.

Upon detailed annotations of the 112 adult secreted proteins, few novel
proteins such as SXC1, protein kinase domain containing protein, trypsin family
protein, TRYpsin-like protease family member (try-1), putative lipid binding protein
were also identified. These novel proteins were not reported in the T. circumcincta
proteomics analysis [12, 34] (Additional File 6). Subsequent detailed annotation of
226 transmembrane proteins helped in the identification of SXC1 (Six Cysteine
Motif) proteins of O. ostertagi, putative L3 ES protein (O. ostertagi), putative major
allergen (Brugia malayi). The details of these proteins are listed in Additional File
7.

We were able to functionally assign GO terms to 112 putative ES proteins with
50 being assigned as involved in biological process (BP), 81 as associated with
molecular function (MF). The GO annotation summary with biological process,
cellular component and molecular function details is provided in Figure 1.
Oxidation reduction (GO:0055114) and transmembrane transport (GO:0055085)
were the most common GO categories representing biological processes. The
highest represented GO terms in molecular function were binding (GO: 0005488)
and catalytic activity (GO: 0003824), known for their role in the identification of
vaccine candidates or drug discovery. Additional File 8 gives a list of GO
mappings consigned to ES protein data is provided in. 63 KEGG pathways
showed mapping to 90 sequences with the top 30 ‘highly represented’ pathways,
categorized according to the number of putative ES proteins mapped, are
presented in Table 5. Protein kinases (n=3) and oxidative phosphorylation (n=3)

were the main KEGG pathways that mapped to the ES protein sequences.

Few other highly represented pathways by the ES proteins include the
glycerophospholipid ~ metabolism  (n=3), long-term  depression  (n=3),
glycolysis/gluconeogenesis (n=2). Several pathways including purine metabolism,
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protein folding and associated processing, MAPK signaling pathway, linoleic acid
metabolism, GnRH signaling pathway and glutathione metabolism were mapped
by ES protein sequences. The list of KEGG pathways for ES proteins is available
from Additional File 9.

55 KEGG pathways contained 85 sequences using KAAS with the top 30 ‘highly
represented’ pathways, categorized by the number of peptides mapped, are
presented in Table 6. Glycerophospholipid metabolism (n=3) and oxidative
phosphorylation (n=3) were the main KEGG pathways that mapped to the
sequences. Few other highly represented pathways by ES proteins included long-
term depression (n=3) and Whnt signaling pathway (n=2). ES proteins were
mapped to several pathways such as MAPK signaling pathway, linoleic acid
metabolism, GnRH signaling pathway, glutathione metabolism and TGF-f
signaling pathway. The KEGG pathways with the corresponding ES proteins are
provided in Additional File 10.

Table 7 gives the top 20 representative protein families with metridin-like ShK
toxin as the highly represented family of proteins, comprising of 14 ES protein
entries. Followed by fransthyretin-like family of proteins, comprising 11 ES protein
entries.  C-type lectin, saposin-like domain and SCP-like extracellular domain
superfamily of the pathogenesis-related proteins (PRPs) [35, 36] were the few
other well-represented domain families in the present datasets. SecretomeP
identified 615 sequences as non-classical secreted proteins at a cut-off value of
0.9. The detailed annotation of 615 secreted proteins revealed 62 KEGG
pathways mapped by 105 sequences (Additional File 11) with the top highly

represented pathways presented in Table 8.

Translation factors and oxidative phosphorylation were the main KEGG
pathways that mapped to the sequences. Protein kinases, peptidases, chaperones
and folding catalysts are among other well represented pathways by ES proteins.
The analysis of 6,058 raw EST sequences from dbEST with an overlap of 20.3%
with the cDNA resulted in 745 contigs and 1,696 singletons, where 2,242 had
OREFs.

We could identify 315 putatively secreted proteins and 183 transmembrane
proteins. An in-depth analysis of secreted proteins, identified 11 C-type single
domain activation associated secreted protein (ASP3) precursors (O. ostertagi),
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ten ancyclostoma-secreted protein-like proteins (O. ostertagi), five cathepsin B-like
cysteine proteases (O. ostertagi), one cathepsin L cysteine protease (H.
contortus), three cysteine proteases, four precursor transthyretin like protein 1 (O.
ostertagi), six putative L3 ES proteins (O. ostertagi), five saposin-like protein 1 (A.
caninum), three secreted cathepsin F (T. circumcincta), two SXC1 proteins (O.

ostertagi), three TransThyretin-related proteins, two venom-allergen-like proteins.

Discussion

In the absence of a genomic sequence for T. circumcincta, 407,357 raw EST
sequences were analysed to obtain quality ESTs with a sequencing success of
90.06% which is consistent with previous studies [15, 34, 37]. To infer the
proteome for T. circumcincta, all rESTs were then subjected to analyses against
three databases containing protein sequences. Data were compared with protein
sequences available for (i) C. elegans (from WORMPEP v.182
Wombase([http://wormbase.org/) ), (ii) parasitic nematodes (available protein
sequences and peptides from conceptually translated ESTs) and (iii) organisms
other than nematodes (from NCBI non-redundant protein database) [38]. Three-
way comparison of T. circumcincta rESTs with homologues from C. elegans,
WORMPEP and parasitic nematodes have been figuratively presented (Figure 2)

using SimiTri.

Some of the proteins predicted to be parasite- or nematode-specific were
identified by similarity searches of rESTs and these proteins in parasitic
nematodes were either absent from or very different from the corresponding

molecules in their host(s).

Comparative analysis was carried out to identify homologues in C. elegans, the
best characterized nematode in relation to its genome, genetics, biology,
physiology, biochemistry as well as the localization and functions of molecules
Wormbase [39]. This study showed that 7,537 of them were mapped to key
biological pathways including oxidative phosphorylation, peptidases and the
ribosomal protein assembly pathway. Oxidative phosphorylation relates to genes
that encode NADH dehydrogenases, succinate dehydrogenases, cytochrome c
oxidases, cytochrome c reductases, ATPases and ATP synthases (complexes |-V)
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[40]. Several peptidases are known to play a vital role in the moulting process [41],
these include metallo-peptidases that might be candidates for chemotherapeutic
interventions [42-45]. The ribosomal protein assembly pathway is composed of
genes that encode various proteins of the ribosomal subunits. These proteins are
closely related functionally and need to interact with each other physically to form
a large protein complex known as the ribosome [40]. Other pathways represented
include the carbon fixation pathways. Several enzymes in nematodes map to

KEGG carbon fixation pathways [hitp://www.genome.jp/keqqg-

bin/show pathway?category=Nematodes&mapno=00720], which refer to normal

energy pathways such as glycolysis, gluconeogenesis (which is actually carbon

fixing) and tricarboxylic acid cycle.

The pathways identified using KOBAS such as TGF-£ signaling pathway and
insulin signaling pathway trigger an “alternative” developmental pathway and
regulate the transition of environmental stress on C. elegans in the first larval
stage of its life cycle [46, 47]. The disruption of both insulin-like and DAF-7
transforming growth factor (TGF)-B signalling pathways causes developmental
arrest [48, 49]. Abundant levels of transcription of GTP-CH transcripts in some
parasitic species could be associated with production of serotonin to regulate
these processes, in a way that is similar to that of C. elegans, if a TGF-p pathway
does indeed regulate developmental events in parasitic nematodes [34]. These
areas are of great interest and deserve detailed investigation, particularly given
that molecules representing the TGF-B pathway have been described for a
number of parasitic nematodes such as B. pahangi, B. malayi and P. trichosuri
[50-52].

Proteins expected to play critical roles in host-parasite interactions including
immune responses are predicted to be involved in antigen processing and

presentation or complement and coagulation cascades.

Nematode enzymes mapped to known human disease pathways such as
Huntington’s disease, Alzheimers disease, Parkinson's disease and Vibrio
cholerae infection. The neurological disorder pathways are known to describe the

morbidity and depression associated with helminthic infections. The Vibrio cholera
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infection pathway supports this parasite being similar to gastrointestinal strongylid

nematodes.

Clearly, much more work is required to establish the functional roles of such
proteins in the parasite and/or the host and also to identify essential proteins
required in each pathway, even though they are not well represented. Some of the
proteins are inferred to be excreted/secreted from the nematode. These include
serine proteinase inhibitors and cathepsin B-like cysteine proteases which are
proposed to interfere with the immune system at the antigen processing and
presentation stages, thereby, to interrupt the cytokine network and to down-
regulate inflammation [53]. Families of proteins considered as important targets for
parasite invention and control were also identified represented by serine, cysteine
as well as proteinase inhibitors which are also supported by domain analysis [54-
56]. The proteinase inhibitors might protect the parasite against digestion by

endogenous or host-derived proteinases [53].

Of the 39,852 rESTs, 24,013 were inferred to have open reading frame (ORFs).
The most represented domain family of proteins were the protein kinase-like and
the SCP-like extracellular domains, followed by NAD(P)-binding domain, allergen
V5/Tpx-1 related domain and transthyretin-like domain. Analysis of several protein
and protein domains present in C. elegans [57] revealed that protein kinases
comprise the second largest family of protein domains in worms. Protein kinases
are required for the existence of multicellular organisms and are likely to be
involved in the complex signal transduction pathways including cell-substratum
and cell-cell adhesion, transmembrane signaling in response to humoral factors
and cell survival or programmed cell death. Other protein kinases provide signals
that regulate metazoan-specific transcription factors, particularly those containing

Zn-finger domains [58].

SCP/TAPS family members belong to the cysteine-rich secretory protein
(CRISP) and have been identified in various eukaryotes. They also seem to have

some biological roles linked with the member proteins within this superfamily [59].

The sperm-coating protein (SCP)-like extracellular proteins, also called
SCP/Tpx-1/Ag5/PR-1/Sc7, play major biological roles in the host—pathogen
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interplay [60] along with other groups of proteins [61] . NADP" plays a vital role in
developmental process and also acts as a reducing agent in anabolism along with
NAD*, a coenzyme involved in key pathways like glucose metabolism and fatty
acid synthesis [62]. In Strongyloidae, the allergen V5/Tpx-1 related domain is
considered as one of the most abundant InterPro domain that may be important in
parasitism [32]. It symbolizes various members such as the ancylostoma-secreted
or activation-associated proteins (ASPs) that belong to the pathogenesis-related
protein (PRP) superfamily [35]. The ftransthyretin-like domain, an abundant
nematode-specific motif [63] was recently identified as being abundantly
transcribed in the transcriptome of B. malayi [64]. Lectins are carbohydrate binding
proteins and the CLec fold constitutes a general ligand (including protein)-binding
motif [65].

The vertebrate immune cell signalling and trafficking, activation of innate
immunity in both vertebrates and invertebrates and venom-induced haemostasis,
have the involvement of C-type lectins [66]. Metridin-like ShK toxin domains are
highly represented in the Strongylida [32]. Though the specific function of these
proteins are not known, they are assumed to be involved in defense or digestion
[67]. WD40 repeats (also known as WD or beta-transducin repeats) are involved in
signal transduction and transcription regulation along with cell-cycle control and

apoptosis [68, 69].

Heat shock proteins, such as HSP-20 are reported to be present in the parasitic
nematode, H. contortus (barber's pole worm) which afflicts small ruminant species
and in the adult stage of A. caninum and other nematodes including the bovine
lungworm Dictyocaulus viviparus and the common roundworm of canids Toxocara
canis. The expression of this molecule was shown not to be controlled by heat

shock treatment [70].

‘EF-hand’ domains are involved in protein-protein interactions regulated by
various specialized systems (e.g., Golgi system, voltage dependent calcium
channels and calcium transporters) [71]. The maturation of the nervous system
and the formation of ciliated sensory neurons require both EF-hand and WD40
proteins in C. elegans [72, 73]. Major sperm proteins (MSPs), a large protein
family, are known to be largely involved in nematode sperm motility [74, 75]. MSPs
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(expressed in recombinant form) have been proposed as vaccine candidates [76].
The entire list of domains and their details are given in Additional File 12. The
protein sequences were assigned functionality based on BLASTP against the NR
database (Additional File 13). Different classes of proteases are assigned based
on the catalytic mechanisms and are named based on their active catalytic centre
residues (aspartic, serine and cysteine proteases) or after their dependence on co-
factors for activity (metalloproteases). Of the four classes of proteases aspartic
proteases are considered to be the most conserved group.

Cysteine proteases are most likely involved in tissue penetration and feeding
[77]. Cysteine, aspartic and metallo-proteases represented in N. americanus, are
known to function in a multi-enzyme cascade to digest haemoglobin and other
serum proteins [78, 79]. SCP (sperm coating protein)-1 superfamily members
include insect venom allergens, plant pathogenesis family-1 (PR-1) proteins and
VAL proteins beside mammalian cysteine-rich sperm proteins (CRISPs). No
rational function for this protein family has been demonstrated despite the
sequence similarity [8]. Astacin-like metalloproteases are vital for establishment of
the parasite in the host. MTP-1 and the astacin-like MTP secreted by infective
larvae of hookworms, are primarily reported in A. caninum [80] [81, 82]. The
enzyme guanosine-50-triphosphate (GTP)-cyclohydrolase may be involved in
larval development [35]. In parasitic nematodes, astacin-like molecules are
considered to be involved with moulting, tissue penetration and immunomodulation
besides feeding [34, 80]. They are also anticipated to be vaccine candidates

against parasitic nematodes [82, 83].

Pathway analysis using KOBAS [24] mapped a total of 6,470 sequences to 309
KEGG pathways. The results were compared by mapping the sequences using
KAAS [26], where a total of 2,897 sequences were mapped to 257 KEGG
pathways. The perceptive of such mapping in biological pathways will help in

identifying vital proteins required in each pathway.

Functionally varied classes of molecules such as digestive enzymes,
extracellular proteinases, chemokines, morphogens, cytokines, toxins, hormones,
antibodies, antimicrobial peptides included in secretome constitute the entire set of
secreted proteins, representing up to 30% of the proteome of an organism [84].
SXC1 (Six Cysteine Motif) proteins of O. ostertagi, transthyretin proteins, saposin-
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like protein 1, C-type lectin-1, globin-like protein, Na-ASP-2, a PR-1 protein from
N. americanus, ASP-3 from O. ostertagi, neuropeptides and cytochrome P450s
were also identified from the 112 excreted/secreted proteins inferred from the data
set of 39,852 rESTs.

The SXC domain, also termed nematode-six cysteine, NC6 [85], was identified
in surface coat proteins of the parasitic ascarid T. canis [86, 87] along with zinc
metalloproteases and tyrosinases of C. elegans. SXC domains have also been
identified in other helminths such as Ascaris, Brugia, Trichuris muris and Necator
[88]. The function of the motif is not known but it is suggested that it is involved in
protein-protein interactions, particularly those associated with nematode surfaces
[89] or that it acts as a signalling ligand [90]. In general, SXC motif containing
proteins have a putative secretory signal peptide and are therefore extracellular.
The transthyretin-like (itl) gene family, also known as “family 2” [91], has been
classified as nematode-specific based on the genome-wide study of C. elegans.
These are the largest conserved nematode-specific gene families, coding for a
group of proteins with significant sequence similarity to transthyretins (TTR) and
transthyretin-related proteins (TRP) [92]. Transthyretin-like protein families are

potential vaccine candidates against human filariasis [93].

As part of transcriptomic analysis of some members of the phylum Nematoda
more than 4,000 nematode-specific protein families encoded by nematode-
restricted genes were defined with TTL family representing one of the largest [32].
TTL protein domain was represented 185 times in all nematodes studied. This
included 18 ttl genes in O. ostertagi as a result of protein domain search using the
NEMBASE database [92]. The TTL family shows characteristics comparable with
those of neuropeptides, i.e., a large protein family with secretion signals and
different expression patterns between the members of the family and are likely to
play a role in the nervous system of the nematodes [94]. SAPLIPs (saposin-like
proteins) are a diverse family of lipid interacting proteins [95] that have six
conserved cysteine residues forming three disulfide bridges [95-98]. The maijority
of Ac-slp-1 is expressed in the L3 and adult worm, although it is detected in RNA

from all developmental stages of A. caninum.
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While the Ac-slp-1 and slp-2 mRNAs are expressed in the intestines of multiple
developmental stages of A. caninum, suggesting multiple functions in parasite
biology, both Ac-SLP-1 and SLP-2 are localized to the intestines and could play a
role in parasite feeding. The SLP-1 protein could also interact with host cells [99].
Worm carbohydrates may be masked from host immune cells by parasite C-TLs.
Nematode C-TLs may also have roles unconnected with immune evasion [8].
Antigen uptake and presentation, cell adhesion, apoptosis and T cell polarization
are the few immune processes in which C-type lectins and galectins are involved
[66]. CTLs are perhaps the most prominent in the mammalian immune system.
Heligmosomoides polygyrus, the natural parasites of mice, are the most widely-
studied amongst the parasitic nematodes. Immunological interactions with the host
are presumed to be mediated by the new C-type lectins from these rodent

parasites which are preferentially expressed by the mature adult stages [100].

Craig et al. [101] were able to identify a homologue of a globin-like ES protein
from O. ostertagi in L4 and adult T. circumcincta protein. Adult ES proteins in O.
ostertagi identified a homologue of an ASP and a vitellogenin [92], which were not
identified in T. circumcincta ES proteins [101]. However, we have successfully
identified a globin-like protein and Na-ASP-2 - a PR-1 protein from Necator
americanus) [102] and ASP-3 from O. ostertagi [103]. ASPs are the members of a
group of nematode-specific molecules [5]. Proteins in this family have been
identified in a wide range of organisms [35], including human hookworm [104],
filarial nematodes [105, 106], trichostrongylids such as H. contortus [107, 108],
schistosomes [59, 109, 110] as well as free-living C. elegans [111]. It has been
suggested that ASPs are key to the transition of nematodes from free-living to the
parasitic state [112]. It has also been suggested that they exhibit homology to a
diverse, yet evolutionarily-related, group of secreted proteins classified as the
SCP/Tpx-1/Ag5/PR-1/Sc7 family [5].

Na-ASP-2 has recently been shown to induce neutrophil chemotaxis in vitro and
in vivo [113], but it remains uncertain if this is a widespread property of VAL
homologues [8]. The role of nematode ASPs as valid vaccine candidates has also
been investigated [114]. ASPs have been suggested to have the role of allergens
[34]. They also have a role in modulation of the host immune response [115], in
maintenance of the parasites at their host niche [116, 117]and in maintenance
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and/or exit from arrested development [118]. ASPs are highly represented in EST
datasets derived from parasitic stages of T. circumcincta and are abundant in the
L4 ES proteins of this nematode [34]. Neuropeptide-like proteins have shown to be
present in O. ostertagi [119]. These intercellular signaling molecules and
particularly the FMRFamide-related peptides (FaRPs), have been most widely
studied in Ascaris suum where they are present throughout the nervous system
[34]. Cysteine-rich proteins were highly represented in T. circumcincta L4-specific
dataset and were suggested to have a role in establishment and immune evasion
[113].

Members of the astacin family have a wide range of functions [120] including
immunomodulation [121], growth-factor processing, pattern formation in embryos
[122], digestion, tissue penetration [80, 123] and hatching [124]. Nematode AST-
like metalloproteinases play role in stimulating innate and adaptive immune
responses early in infection [83]. Cytochrome P450s, the candidate drug-
resistance genes, were also identified. These could affect the expression of the
functional group ‘xenobiotic degradation and metabolism’ [6]. We have attempted
to integrate the transcriptomics data with the proteomics analysis from previous
reports to understand the role of ES proteins in host-parasite interaction
(Additional File 6). Kyoto Encyclopedia of Genes and Genomes database (KEGG)
was searched with KOBAS and KAAS to categorize functionality by assigning
secreted protein sequences to biological pathways. Fc epsilon RI signaling
pathway, T cell receptor signaling pathway, leukocyte transendothelial migration
and chemokine signaling pathway represent the immune system related pathways

which could play a critical role in understanding the immune responses.

We were also able to identify pathways related to neurodegenerative diseases
and infectious diseases. Figure 3 shows the pathways represented using the ipath
tool [125]. Identification of the role of such proteins as potential players in pathway
analysis will help in our understanding of nematode biology in the context of
parasite-host interplay. However, they are thought to be involved in immune
responses in either the host or the parasite, which can be the focus of future
studies. Of the pathways identified using KAAS, the protein family comprising
serine, cysteine and metallo-proteinases and proteinase inhibitors in the EST
datasets could form the basis of in vitro and in vivo studies. The parasite might be
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protected against digestive degradation by blocking endogenous proteinases
within the host, with proteinase inhibitors. Tissue migration and other interactions
with host cells may be facilitated by the function of these enzymes, by mediating or
changing proteolytic functions [53]. Several studies have considered these
enzymes as important therapeutic targets for parasite control [54-56, 93]. Results
from the pathway analysis carried out using KOBAS were compared with the
results obtained using KAAS. The identification of domain/motif or region in a
protein sequence characteristic for a particular protein family helps in the
annotation by the assignment of protein function. We also searched the InterPro
member databases [126] using Interproscan. Amongst the InterPro domains
identified, the Metridin-like ShK and transthyretin-like domains were amongst the
most represented, followed by C-type Ilectin, saposin-like and SCP-like
extracellular domains. The Metridin-like ShK domain has already been shown to
be highly represented in Strongylida and is often present in metallopeptidases
[127, 128]. The results showed that the most common molecules associated with
the extracellular region correspond to allergen V5/Tpx-1 related protein. Additional
File 14 contains the domain details of ES proteins. Overall, KOBAS and KAAS

provided similar results.

Homologues RNAIi phenotypes were identified by the comparison of 112
predicted ES proteins with the free-living nematode C. elegans and the associated
RNAI phenotypes were studied to understand the function(s) and importance of

homologous genes in other nematodes (of animals).

From these, 133 C. elegans homologues were retrieved with RNAi phenotypes
(Additional File 15): Emb (embryonic lethal, including pleiotropic defects severe
early emb), Lva (larval arrest), Gro (slow growth). Stp (sterile progeny), Lv/ (larval
lethal) and Ste (maternal sterile). In the current dataset, we have selected RNAI
phenotypes essential for nematode survival or growth as well as those
representing potential drug and/or vaccine targets [129, 130]. Lethality can be
considered as the most attractive RNAIi phenotype applicable to all developmental
stages that are less susceptible to available drugs as a result of interference with a
vital process. Other attractive phenotypes include sterility that would lead to death.
RNAi phenotypes help in understanding the concerns regarding genetic
redundancy [131].
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Figure 1: Putative excretory-secretory proteins and Gene Ontology (GO) terms
identified. Percentages show the annotated categories a. Cellular Component, b.

Molecular Function and c. Biological Process.
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Figure 2: Comparison of T. circumcincta rESTs with C. elegans, other parasitic
nematodes and organisms other than nematodes, from SimiTri analysis. The

numbers at each vertex indicate rESTs matching that specific database.

31
101



Figure 3: Biological pathways mapped using iPath tool for putative excretory-

secretory proteins. The highlighted areas represent the pathways identified in the
whole pathway.
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Tables

Table 1: Preliminary analysis of the 407357 T. circumcincta ESTs .The contigs and
singletons generated by preprocessing, overall representative ESTs (rESTs),
peptides from conceptual translation and putative excretory-secretory (E/S)

proteins identified are shown.

T. circumcincta ESTs Numbers (percentage)
Raw sequences obtained 407357
Cleaned sequences 366897 (90.06)
Clusters of multiple sequences 22382 (5.4)
(contigs)
Clusters of singletons 17470 (4.2)
Total rESTs 39852 (9.7)
Putative peptides 24013 (60.25 % rESTSs)
E/S proteins (cut-off: 0.5) 112

33

103



Table 2: Top 30 metabolic pathways mapped by Kyoto Encyclopedia of Genes

and Genomes in T. circumcincta protein sequences

KEGG PATHWAY SEQUENCE COUNT
Peptidases 254
Ribosome 220
Oxidative phosphorylation 187
Other enzymes 168
Chaperones and folding catalysts 144
Cytoskeleton proteins 109
Protein kinases 108
Purine metabolism 102
Translation factors 96
Ubiquitin enzymes 90
Proteasome 89
Starch and sucrose metabolism 86
Pyruvate metabolism 86
Glycolysis / Gluconeogenesis 83
Fatty acid metabolism 83
Lysine degradation 78
Valine, leucine and isoleucine degradation 76
Tryptophan metabolism 72
Aminoacyl-tRNA biosynthesis 69
Insulin signaling pathway 68
GTP-binding proteins 68
Citrate cycle (TCA cycle) 68
Regulation of actin cytoskeleton 65
Propanoate metabolism 64
Cell cycle 64
Carbon fixation 64
Focal adhesion 62
Ubiquitin mediated proteolysis 60
Fructose and mannose metabolism 60
Butanoate metabolism 59
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Table 3: Top 30 metabolic pathways mapped by KAAS in T. circumcincta protein

sequences
KEGG PATHWAY PROTEINS
Huntington's disease 91
Oxidative phosphorylation 84
Ribosome 80
Spliceosome 79
Alzheimer's disease 72
Parkinson's disease 70
Purine metabolism 56
Pyrimidine metabolism 51
Cell cycle 34
Ubiquitin mediated proteolysis 33
Proteasome 33
Lysosome 33
Endocytosis 32
Cell cycle - yeast 31
Peroxisome 30
Glycolysis / Gluconeogenesis 29
Pathways in cancer 28
Aminoacyl-tRNA biosynthesis 28
DNA replication 26
Valine, leucine and isoleucine degradation 25
Regulation of actin cytoskeleton 25
Citrate cycle (TCA cycle) 25
Vibrio cholerae infection 23
Fatty acid metabolism 23
Amino sugar and nucleotide sugar metabolism 23
RNA degradation 22
Nucleotide excision repair 21
Lysine degradation 21
RNA polymerase 20
Meiosis - yeast 20
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Table 4: Top 30 domain description for the protein sequences

Description InterProscan ID Protein
sequences
Protein kinase-like domain IPR0O11009 138
SCP-like extracellular IPR014044 126
NAD(P)-binding domain IPR016040 96
Allergen V5/Tpx-1 related IPR0O01283 95
Transthyretin-like IPRO01534 88
C-type lectin fold IPRO16187 85
C-type lectin IPR0O01304 78
C-type lectin-like IPRO16186 71
Nucleotide-binding, alpha-beta plait IPRO12677 71
Serine/threonine-protein kinase-like domain IPR017442 69
Metridin-like ShK toxin IPR003582 67
RNA recognition motif, RNP-1 IPR000504 64
Peptidase C1A, papain IPR0O13128 59
Thioredoxin-like fold IPR012336 57
WD40 repeat, subgroup IPR019781 56
WD40 repeat-like-containing domain IPR0O11046 56
WD40/YVTN repeat-like-containing domain  IPR015943 54
Thioredoxin fold IPR012335 53
Pyridoxal phosphate-dependent IPR015424 52
transferase, major domain
Heat shock protein Hsp20 IPR0O02068 51
Protein-tyrosine phosphatase, IPR000242 50
receptor/non-receptor type
EF-hand-like domain IPR011992 49
Peptidase A1 IPR001461 48
Tyrosine-protein kinase IPR020685 47
Peptidase C1A, papain C-terminal IPRO00668 47
Peptidase aspartic IPR0O21109 45
Short-chain dehydrogenase/reductase IPR002198 45

SDR
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Table 5: Top 30 selected metabolic pathways in excretory-secretory proteins

mapped using KEGG database

KEGG PATHWAY ES Proteins

Protein kinases

Oxidative phosphorylation
Long-term depression
Glycerophospholipid metabolism
Arachidonic acid metabolism
VEGEF signaling pathway

Purine metabolism

Protein folding and associated processing
Peptidases

MAPK signaling pathway
Linoleic acid metabolism

GnRH signaling pathway
Glycolysis / Gluconeogenesis
Glutathione metabolism

Fc epsilon RI signaling pathway
Ether lipid metabolism
Cytoskeleton proteins

CAM ligands

alpha-Linolenic acid metabolism
Whnt signalling pathway

Urea cycle and metabolism of amino groups
Ubiquitin mediated proteolysis
Ubiquitin enzymes

Tyrosine metabolism

Type |l diabetes mellitus
Translation factors

Transcription factors

Tight junction

TGF-beta signaling pathway

=) A A A A A A A A A A NN DNDN DN DN DNDNDNDDNDNDNDNDNDNO O LW w

Signal transduction mechanisms
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Other enzymes
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Table 6: Pathway Analysis of secreted proteins using KAAS

KEGG PATHWAY

ES Proteins

Glycerophospholipid metabolism
Oxidative phosphorylation
Vascular smooth muscle contraction
Long-term depression
Arachidonic acid metabolism
Alzheimer's disease

Whnt signaling pathway

VEGEF signaling pathway

Tight junction

TGF-beta signaling pathway
Parkinson's disease

Oocyte meiosis

Meiosis - yeast

MAPK signaling pathway
Lysosome

Linoleic acid metabolism
Huntington's disease

GnRH signaling pathway
Glutathione metabolism

Fc epsilon RI signaling pathway
Ether lipid metabolism

Cell cycle - yeast

Axon guidance

alpha-Linolenic acid metabolism
Pyruvate metabolism

Glycolysis / Gluconeogenesis
Carbon fixation in photosynthetic organisms
Citrate cycle

Vibrio cholerae infection

Ubiquitin mediated proteolysis

= A A A A A NN DN DN DD DNDDNDNDNDNDNDDNDDNDDNDNDNDNWW W W W W
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Table 7: Top 20 protein families of known function found in excretory-secretory

proteins
Description ES Type Interproscan ID
sequences
Metridin-like ShK toxin 14 Domain IPR003582
Transthyretin-like 11 Family IPR0O01534
SCP-like extracellular 7 Domain IPR014044
Saposin-like 7 Domain IPRO11001
C-type lectin 7 Domain IPR0O01304
C-type lectin fold 6 Domain IPR0O16187
C-type lectin-like 6 Domain IPRO16186
Proteinase inhibitor 12, Kunitz 5 Domain IPR002223
metazoa
Protein kinase-like domain 4 Domain IPR0O11009
Major facilitator superfamily, general 4 Domain IPR0O16196
substrate transporter
Destabilase 3 Family IPRO08597
Allergen V5/Tpx-1 related 3 Family IPR001283
Tyrosine-protein kinase 3 Region IPR020685
Phospholipase A2 2 Family IPRO16090
Thioredoxin-like fold 2 Domain IPR012336
Thioredoxin fold 2 Domain IPR012335
Globin 2 Domain IPR012292
Serine/cysteine peptidase, trypsin- 2 Domain IPRO09003
like
Saposin B 2 Domain IPRO08139
Protein of unknown function 2 Domain IPRO03677
DUF148
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Table 8: Top 30 Pathway analysis of secreted proteins obtained from SecretomeP

KEGG PATHWAY

ES Proteins

Translation factors

Oxidative phosphorylation

Cell cycle

Regulation of actin cytoskeleton
Protein kinases
Progesterone-mediated oocyte maturation
Peptidases

DNA polymerase

Chaperones and folding catalysts
Ubiquitin mediated proteolysis
Ubiquitin enzymes

Transcription factors

Tight junction

RNA polymerase

Ribosome

Reductive carboxylate cycle (CO2 fixation)
Pyruvate metabolism

Pores ion channels

mTOR signaling pathway

MAPK signaling pathway
Glutathione metabolism

General function prediction only
Gap junction

Fatty acid metabolism

Fatty acid biosynthesis
Cytoskeleton proteins

Citrate cycle (TCA cycle)

Cell cycle - yeast

Arginine and proline metabolism

Other enzymes

(o))

N N N N DN DN N DN DN DN DNDNDNDDDNDNDNDDNDNDND W W W W WW>~H
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Additional Files

Additional File 1: Comparison of rESTs from Teladorsagia circumcincta with C. elegans.
Additional File 2: Teladorsagia circumcincta homologues in Clade V of the phylum
Nematoda, comprising Haemonchus contortus, Necator americanus, Nippostrongylus
brasiliensis, Ostertagia ostertagi, Pristionchus pacificus, Ancylostoma caninum,

Ancylostoma ceylanicum and Dictyocaulus viviparus.

Additional File 3: Metabolic pathways in Teladorsagia circumcincta mapped by Kyoto

Encyclopedia of Genes and Genomes.

Additional File 4: GO Annotation for proteins.

Additional File 5: Secreted proteins predicted from rESTs from Teladorsagia circumcincta

and their homologues and RNAIi phenotypes.

Additional File 6: Secretory proteins predicted from Teladorsagia circumcincta rESTs -

comparison with proteomic data.

Additional File 7: Transmembrane proteins predicted from rESTs from Teladorsagia

circumcincta and their homologues and RNAi phenotypes.

Additional File 8: GO Annotation for secreted proteins.

Additional File 9: Pathway Analysis of secreted proteins using KOBAS.

Additional File 10: Pathway Analysis of secreted proteins using KAAS.

Additional File 11: Pathway analysis of secreted proteins obtained from SecretomeP.

Additional File 12: Protein Domain Analysis in Teladorsagia circumcincta.

Additional File 13: Top NR description of Teladorsagia circumcincta protein sequences.

Additional File 14: InterProScan analysis :representative protein domains/families.

Additional File 15: Comparison of secreted proteins from Teladorsagia circumcincta with

C. elegans.
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4.2 Conclusions

The study could identify number of pathways for immune response and was also
successful in benchmarking different bioinformatics tools for EST analysis which could
help in the development of robust computational EST analysis pipelines. The incorporation
of SecretomeP increased the number of ES proteins predicted while the benchmarking
results between KOBAS and KAAS clearly indicating that both programs are equally
proficient in predicting biochemical pathways. The results of this large-scale analysis
provide a step towards future research with the focus on disease and molecular biology of
the parasite and could also be integrated with proteomic and metabolomic studies for

identifying novel disease control strategies.

The bioinformatics improvements by way of predicting non-classically secreted proteins
and complete functional annotation for all putative peptides (not ES proteins alone as
offered by EST2Secretome [162]) have now been incorporated into a generic

transcriptome analysis pipeline, described in the next chapter.
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Chapter 5: TranSeqAnnotator: Large-scale analysis of

transcriptomic data

5.1 Summary

A user-friendly robust transcriptome analysis pipeline was developed extending the
existing ESTExplorer [160] and EST2Secretome [162] pipelines with advanced features
and updated tools based on the review as discussed in paper 1, and the results of papers 3

and 4.

The new pipeline incorporates the results of the benchmarking carried out in Chapter 4
(Paper 3). Furthermore, a detailed evaluation of the performance of this pipeline was
carried out for a large-scale NGS dataset. The pipelines developed previously processed
only ESTs and failed to address the non-classically secreted proteins. TranSeqAnnotator
accepts short read fasta sequences along with EST sequences for pre-processing, assembly,
conceptual translation and blast against NR followed by annotation with identification of
putative ES proteins based on the presence of signal sequences and similarity searches
using Blast. Non-classically secreted proteins are identified using the tool SecretomeP
along with the absence of transmembrane helices. The pipeline also looks for the combined
annotation, comprising a suite of bioinformatic tools to annotate the protein sequence and
ES proteins inferred in different phases with GO ontology from Interproscan and pathway
analysis with KOBAS for all sequences. The hardware issues like CPU memory and
storage capacity are addressed in the new pipeline. Programs for EST/short read pre-
processing, assembly and annotation at DNA, protein, and secretome levels were carefully
selected and also, applied the Ascaris lumbricoides dataset as an example of the pipeline

workflow.
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ABSTRACT

Background
The transcriptome of an organism can be studied with the analysis of expressed sequence

tag (EST) data sets that offers a rapid and cost effective approach with several new and
updated bioinformatics approaches and tools for assembly and annotation. The
comprehensive analyses comprehend an organism along with the genome and proteome
analysis. With the advent of large-scale sequencing projects and generation of sequence
data at protein and cDNA levels, automated analysis pipeline is necessary to store,
organize and annotate ESTs.

Results

TranSeqAnnotator is a workflow for large-scale analysis of transcriptomic data with the
most appropriate bioinformatics tools for data management and analysis. The pipeline
automatically cleans, clusters, assembles and generates consensus sequences, conceptually
translates these into possible protein products and assigns putative function based on
various DNA and protein similarity searches. Excretory/secretory (ES) proteins inferred
from ESTs/short reads are also identified. The TranSeqAnnotator accepts FASTA format
raw and quality ESTs along with protein and short read sequences and are analysed with
user selected programs. After pre-processing and assembly, the dataset is annotated at the
nucleotide, protein and ES protein levels.

Conclusion

TranSeqAnnotator has been developed in a Linux cluster, to perform an exhaustive and
reliable analysis and provide detailed annotation. TranSeqAnnotator outputs gene
ontologies, protein functional identifications in terms of mapping to protein domains and
metabolic pathways. The pipeline is applied to annotate large EST datasets to identify

several novel and known genes with therapeutic experimental validations and could serve
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as potential targets for parasite intervention. TransSeqAnnotator is freely available for the

scientific community at http://estexplorer.biolinfo.org/TranSeqAnnotator/.

BACKGROUND

Expressed sequence tags or ESTs, derived from complementary DNA (cDNA) libraries
provide a low-cost transcriptomic alternative to whole genome sequencing as these are
short, unedited, randomly selected single-pass sequence reads of approximately 200-800
base pairs (bp) which represent a small region or a part of nucleotide sequence from a
transcribed protein coding or non-coding messenger mRNA. They play vital role in gene
identification and verification of gene prediction as they represent the expressed region of
a genome. The analysis of EST data can facilitate gene discovery, help in gene structure
identification, complement genome annotation, establish the viability of alternative
transcripts, direct single nucleotide polymorphism (SNP) characterization and facilitate
proteomic exploration [1-3]. They were used as the primary source for human gene
discovery in early 1990s [4]. Besides ESTs, millions of sequencing reads of 35-250 bp are
generated with the advent of “next-generation” sequencing (NGS) which further help in the
study of transcriptome data mainly for neglected organisms and also, understanding
different isoforms of an organism at different stages of development. Studies using
experimental proteomic approach have shown the identification of proteins in ESP with
transcriptome assembly [5]. Many challenges are faced in the areas of bioinformatics
analysis in data storage and management solution and developing informatics tools for
analysis with the focus on sequence quality scoring, alignment, assembly, and data
processing with the advent of short read strategy of NGS [6, 7]. A comprehensive analysis
pipeline is required to store, organize and annotate ESTs with several computational tools
for pre-processing, clustering, assembly into contiguous segments known as contigs and
annotation to yield biological information. The web resources available were reviewed for
large-scale EST dataset at each step including clustering, assembly, consensus generation
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and tools for DNA, protein and ES annotation [8]. A number of analysis steps and tools
confounded computational strategies to organize and analyse transcriptomic dataset [9]
which is compounded by the ability of some tools to handle high-throughput EST data. An
evaluation revealed that all available platforms terminated prior to downstream functional
annotation, including gene ontologies (GOs), motif/pattern analysis and pathway mapping.
Hence, the establishment of a comprehensive large-scale transcriptomic analysis pipeline
[9] was required to be developed to keep up with the rapidity with which enormous
amounts of sequence data are currently being generated. An urgent need for advanced,
high-throughput computational analyses of EST and genomic sequence datasets using
automated platforms is highlighted. EST data are been applied to study of functional
biomolecules [9, 10] but, predicting ES proteins, from ESTs have been uncommon.
Excretory/Secretory (ES) products are the molecules excreted or secreted by a cell or an
organism that can circulate throughout the body of an organism (e.g., in the extracellular
space) or are localized to or released from the cell surface, making them readily accessible
to drugs and/or the immune system. ES products cover 8+20% of the proteome of an
organism [11] and include molecules of varied functionality, including chemokines,
digestive enzymes cytokines, hormones, toxins, antibodies, morphogens, extracellular
proteinases and antimicrobial peptides. They are known to be involved in vital biological
processes, including cell adhesion, cell migration, cell-cell communication, differentiation,
proliferation, morphogenesis and immune responses [12]. Biochemical and immunological
studies of parasitic helminths were focussed on ES proteins. Worms secrete biologically
active mediators which can transform or customize their niche within the host [13-15] to
regulate or to elude immune attack or stimulate a particular host response.

Some platforms terminate at the assembly level, providing contigs and singletons [16]
(referred to as rESTs) while other platforms exclusively run nucleotide-based programs

with limited annotation at the protein level [17-20]. Based on the benchmarking results, a
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robust transcriptome analysis pipeline (TranSeqAnnotator) is constructed with contig
generation from ESTs and short reads, updated pathway analysis, non-classically secreted
protein identification and extensive annotation with an option to select specific analysis
phases by users (detailed below). Proteins secreted by classical and non-classical pathways
are identified by a combination of computational approaches to predict ESPs. The pipeline
accepts ESTs, quality values, protein sequences and short reads as input and provides as
output, assembled rESTs and their annotations including gene ontologies, secretory
proteins, mapping to protein domains, motifs, metabolic pathways and interaction
databases. TranSeqAnnotator (TSA) is available as web service and can be downloaded for

local installation.

Implementation

TranSeqAnnotator workflow has three phases with Phase I (a) for EST or (b) short read
fasta sequence pre-processing, assembly, conceptual translation and blast against NR,
Phase II for the identification of putative ES proteins, from classically and non-classically
secreted proteins and the elimination of transmembrane proteins and Phase III for the
combined annotation of the protein sequence and ES proteins involving a carefully selected
suite of bioinformatic tools, based on a large-scale transcriptome analysis [21] (Figure 1).
TranSeqAnnotator currently implements the genetic codes for 15 organisms, covering the
most studied organisms, including human, rat, pig, dog, chicken, rice, wheat, thale cress
(Arabidopsis thaliana), zebrafish, yeast and a free-living roundworm (Caenorhabditis

elegans).

Phase I accept ESTs and short reads as well as quality values in the case of ESTs as input

for pre-processing and assembly (Figure 1).
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The sequence cleaning step uses seqclean [22] and seqtrim [23] with ESTs alone and with
ESTs and quality sequences respectively followed by masking the repeats using
RepeatMasker [24] which is optional. The Phase I (b) accepts short reads and pre-
processing is carried out using seqclean. The masked sequences are then passed on for
clustering and assembly with iAssembler (http://bioinfo.bti.cornell.edu/tool/iAssembler/)
which incorporates MIRA [25] and CAP3 assemblers for ESTs and short reads. For
conceptual translation into proteins, the program ESTScan [26] applies the genetic code
from the nearest organism to the contig and singleton sequences generated by CAP3 or
iAssembler.

In Phase II, the protein sequences generated in Phase I, using TMHMM [27] and putative
ES proteins identified using SecretomeP [28] are annotated (Figure 1). Firstly, the signal
sequence is checked with SignalP while, SecretomeP looks for non-classically secreted
proteins and the hidden Markov model probability scores (SignalPNN and SignalP-HMM),
using default parameters that can be modified by experienced users. Subsequently, all
proteins with signal sequences are passed on to TMHMM, a hidden Markov model-based
transmembrane helix prediction program, to ‘‘filter out’’ of transmembrane proteins. ES
proteins, the subset lacking transmembrane helices are further annotated. Phase III, the
annotation level for protein sequences or ES proteins comprises a suite of computational
tools InterProScan [29] for domain analysis and Gene Ontology, pathway mapping using
KOBAS (KEGG Orthology-Based Annotation System) [30. 31]. Also, protein BLAST is
employed to search databases derived from Wormpep [32] for locating nematode
homologues and a list of homologous proteins in C. elegans, archived in WormBase as
well as interaction databases like IntAct [33], BioGrid [34] and DIP [35] which give
information on molecular interaction data and experimentally verified protein-protein

interactions.
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TSA accepts a dataset submitted by the user and optional programs can be selected as
required (Figure 2). The progress of the analysis is monitored on the status page which is
updated after each selected process is completed and the output of each program is
available along with a summarized output. Some of these tools are provided in the
ESTExplorer [36] and EST2Secretome [37] pipeline but, the analysis of large-scale EST
dataset and short read sequences with updated bioinformatics tools is incorporated with
TranSeqAnnotator as part of the benchmarking with the large-scale analysis of
Teladorsagia circumcincta dataset (unpublished work). Also, the program SecretomeP
showed the identification of important proteins which the previous pipelines failed to
identify with SignalP. The identification of both classically and non-classically secreted
proteins with secretomeP is the highlight of the robust analysis pipeline as our earlier
analysis on Fasciola hepatica [38].

SOFTWARE/HARDWARE ENVIRONMENT

TranSeqAnnotator is developed using PERL v5.10.0 which links the different
bioinformatics programs and MySQL as backend for data management and analysis. The
front end is developed using PHP and the processes are run based on CPU availability.
Each input sequence submitted by the user is tagged with a request ID to trace the process.
The pipeline runs on a 16-node Linux cluster (2.4GHz, Intel(R) Xeon (R) CPU, 16
Processors, 32 GB RAM) running on ubuntu server operating system. The output files for

viewing and downloading are provided as final results which are available for a week.

Results and Discussion

Application of TranSegAnnotator

Ascaris lumbricoides, the soil-transmitted helminths or geohelminths is the largest
common intestinal nematode parasites of human that causes the disease ascariasis [39]. It
infects an estimated 1.2 billion people worldwide, but is usually asymptomatic [40]. 1822

A. lumbricoides EST sequences from dbEST [41], were analysed using the
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TranSeqAnnotator. The dataset is from the adult male whole body Ascaris lumbricoides
cDNA clone. The phase I of pre-processing (SeqClean and RepeatMasker)
aligned/clustered using CAP3 followed by assembly, was carried out which yielded 236
contigs and 658 singletons. These rESTs were mapped to the non-redundant (NR) dataset
using BLAST, for nucleotide level annotation. Using a translational matrix, ESTScan
conceptually translates these high quality rESTs, which are then transferred to Phase IT of
TSA, for the prediction of ES proteins, by sequentially running SecretomeP (with a
threshold value for the NN-score of 0.9) and TMHMM programs. The cluster dataset,
translated peptide sequences and ES proteins were annotated with biochemical pathways,
employing KOBAS, domain/family motif and GeneOntology using InterProScan. The
query sequences were compared using BLASTP against Wormpep [32] and against the
IntAct database (version 1.7.0) to extract all interaction partners. The 894 rESTS were
conceptually translated to yield 510 peptide sequences. The GO terms were identified for
these putative protein sequences using InterProScan, with 108 peptide sequences assigned
biological process (BP), 156 associated with molecular function (MF) and 83 as part of a
cellular component (CC) (Additional File 1). The analysis revealed that translation
(GO:0006412) and oxidation-reduction process (GO:0055114) were the highly represented
GO categories signifying biological processes. The major number of GO terms in
molecular function was structural constituent of ribosome (GO:0003735), oxidoreductase
activity (GO:0016491) and ATP binding (GO:0005524) whereas in cellular component, the
highly represented GO terms were ribosome (GO:0005840) and extracellular space

(GO:0005615).

A total of 239 peptide sequences were mapped to 113 KEGG pathways using KOBAS.
The main KEGG pathways mapped included ribosomal protein assembly pathway (n=34)

and cytoskeleton proteins (n=19). Other well represented pathways include tight junction
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(n=14), regulation of actin cytoskeleton (n=12), focal adhesion (n=12), valine, leucine and
isoleucine degradation (n=8) and propanoate metabolism (n=7). Peptides were mapped to
several pathways, including glycolysis/gluconeogenesis, MAPK signaling pathway and

ubiquitin mediated proteolysis (Additional File 2).

Domain mapping by Interproscan provides details as to the family, fold and functional
domains present in the putative peptides. The most represented was the collagen triple
helix repeat of proteins, comprising 14 protein entries, followed by C-type lectin fold and
transthyretin-like family, with nine protein entries each. Other highly represented domains

are the actin-like and C-type lectin (Additional File 3).

A total of 32 were predicted by SecretomeP. Of these, 6 are classically secreted peptides;
with N-terminal signal sequences while 26 are non-classical, supporting the use of
SecretomeP vs. SignalP alone, which can only predict classically secreted proteins. Of
these 32, six proteins with transmembrane helices, predicted by TMHMM were eliminated,
resulting in 26 excreted/secreted proteins inferred from the present dataset of 894 rESTs.
We could identify cecropin (including the cecropin-P1, cecropin-P2, cecropin-P3),
cathepsin L from Ascaris suum and cathepsin L-like protease from Strongylus vulgaris,
chymotrypsin/elastase isoinhibitor 1 from Ascaris suum, C-type lectin protein 160 from
Ascaris suum and C-type lectin domain-containing protein 160 from Ascaris suum.
Gelsolin from Ascaris suum and GelSoliN-Like family member (gsnl-1) from
Caenorhabditis elegans were also identified (Additional File 4). Cecropins, represent a
large family of antibacterial and toxic peptides are known to execute host defence
functions mainly against micro-organisms [42, 43] and are found in insects [44]. Ascaris
cecropins (P1-P4) were identified as antimicrobial peptides that were positively inducible
by bacterial injection. Ascaris cecropins synthesized chemically were bactericidal against a

wide range of microbes, i.e. Gram-positive (Staphylococcus aureus, Bacillus subtilis and
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Micrococcus luteus) and Gram-negative (Pseudomonas aeruginosa, Salmonella
typhimurium, Serratia marcescens and Esherichia coli) bacteria, and were weakly but
detectably active against yeasts (Saccharomyces cerevisiae and Candida albicans) [45]. A
large family of proteins that binds carbohydrate moieties in a Ca2+-dependent manner are
represented by C-type lectins (CTLs) which act as a pathogen recognition molecule or an
antibacterial protein in immune responses to protect the worm itself against microbial
infection [46-49]. They also play vital role in immune homeostasis by endogenous ‘self’
ligand recognition [50], and they themselves have a bactericidal activation [51]. Studies
have shown that 4. suum C-type lectin-1(As-CTL-) shows high similarity to Toxocara
canis C-type lectin (Tc-CTLs) and are exposed to attack by host immune responses.
Hence, to avoid protective immune responses in infected animals during tissue migration
A. suum larvae might interfere with host inflammation processes by As-CTL-1 [52]. The
Gelsolin family belongs to a group of actin binding proteins are known to be involved in
cell structure, motility, apoptosis, amyloidosis and cancer. Gelsolin-like protein-1 (GSNL-
1) from C. elegans is a new member of the gelsolin family of actin regulatory proteins
which provide new insight into functional diversity and evolution of gelsolin-related
proteins [53, 54]. We were able to functionally assign GO terms to 26 putative ES proteins
with proteolysis (GO:0006508) the most common GO category representing biological
processes, cysteine-type peptidase activity (GO:0008234) in molecular function and
extracellular region (GO:0005576) in cellular component. Protein processing in
endoplasmic reticulum, phagosome, lysosome, antigen processing and presentation,
rheumatoid arthritis represented the sequences mapped to KEGG pathways using KOBAS.
The TranSeqAnnotaor methodology was benchmarked using the large-scale dataset of
Teladorsagia circumcincta (unpublished work) and applied for the annotation of A.

lumbricoides.
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FUTURE DIRECTIONS

TranSeqAnnotator currently supports nucleotide, short reads, protein and ES level
annotation. Our aim is to extend the pipeline with updating the masking the repeats with
repeatless libraries to annotate newly sequenced organisms and also to carry out

annotations for different datasets like RNA-seq, microarray datasets.
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Additional files

Additional file 1 (*.xlIs)
Title: GO annotation for putative peptides

Description: Gene Ontology annotations from Interproscan reported.

Additional file 2 (*.xIs)
Title: KEGG Pathway analysis of proteins (E-value threshold of 1E-05)

Description: Database matches reported.

Additional file 3 (*.xIs)
Title: Domain description for the protein sequences

Description: Interproscan domains reported.

Additional file 4 (*.xls)
Title: Top BLAST hits for secreted proteins

Description: Non-redundant database matches reported.
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5.2 Conclusions

The TranSeqAnnotator combines ESTExplorer and EST2Secretome with additional
features for handling next-generation sequencing (NGS) data, extended ES protein
prediction and comprehensive annotation. As a few programs overlap with existing
pipelines, the design and code is easily adaptable and additional modules can be added for
specific requirement. ESTExplorer provides EST analysis for all EST applications and
EST2Secretome for ES protein detection. The ES proteins with N-terminal signal
sequences alone were addressed in EST2Secretome pipeline but, the analysis discussed in
chapter 3 highlighted the importance of non-classically secreted proteins. Hence
TranSeqAnnotator uses the new tool, SecretomeP. With the advent of NGS, the existing
pipelines were modified to accept short read sequence data as input along with EST data,
followed by protein and ES analysis. The pre-processing of both FASTA and qual files
using seqtrim program and also, clustering and assembly using iAssembler are the other
highlights of the pipeline. TranSeqAnnotator has better annotation capabilities such as
identification of interaction partners with different interaction databases to gain better
insights of cellular function based on binding partners. Users also have the option to select
different optional programs as required. TranSeqAnnotator has been developed for varied

applications as a multi-purpose, high-throughput transcriptome analysis pipeline.
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Chapter 6: Comparison of adult and fourth larval stage

transcriptomic data: Teladorsagia circumcincta

6.1 Summary

Teladorsagia circumcincta (Strongylida, Trichostrongylidae), a pathogenic parasitic
nematode cause disease (teladorsagiosis) that leads to anorexia, diarrhoea and death in
lambs with the major impact in the areas of lamb productivity with a reduction in weight
gain. They inhabit in the abomasum of small ruminants and are endemic in temperate
regions of the world. The study was focussed to define and compare the transcriptome of
the fourth larval stage (L4) of T. circumcincta (507,124 ESTs) against the adult stage
(presented in Chapter 4) with the focus on main pathways associated to molecules known
to be expressed in this nematode. The early host responses are considered important in
preventing the development of worms in infected/immune sheeps hence, the study was
concentrated on different stages of the nematode. The detailed annotation included
pathway mapping of predicted proteins (including 930 excreted/secreted proteins), domain
analysis and GO annotation along with secretory signal peptides. Understanding of
resistance and anthelmintic actions is still not clear hence, an alternative method is
important. Studies have shown vaccination as a suitable option for control of sheep which
developed acquired immunity against this parasite. The study of parasite
excretory/secretory products (ESP) which have the prospective to invoke protective
immunity against 7. circumcincta is main the highlight of the project. We report the an
imminent aspect into the molecular biology of this parasite and disease manifestation
highlights the future research, proteomic and metabolomic studies of this parasite and

could lead to novel intervention and control strategies.
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Abstract

Background

Teladorsagia circumcincta (order Strongylida) is an economically important parasitic
nematode of sheep and goats in temperate regions of the world. The aims of the present
study were to define and compare the transcriptomic analysis of the fourth and adult stage
of T. circumcincta and to predict the main pathways that are linked in this nematode.
Though the 7. circumcincta are known to induce intense changes in areas related to
parasite ES in infected sheep and goats, the nature of the proteins with in vitro
excretory/secretory products (ES) of the fourth-stage larva (L4) and adult Teladorsagia
circumcincta are undefined. We focussed on these stages because it has been shown
previously that the early host responses (i.e., within 5 days of challenge) are important in
preventing the establishment of worms in previously infected, immune sheep. We are
investigating parasite excretory/secretory products for molecules, which have potential to
invoke protective immunity against 7. circumcincta as the sheep develop acquired

immunity to 7. circumcincta so vaccination is a valid option for control.
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Results

A total of 507,124 cDNA representing 30493 genes were assembled. The key pathways
identified for 930 ES proteins, include RNA transport, protein processing in endoplasmic
reticulum, RNA degradation and lysosome showed the highest representation. Other
important pathways include detailed protein analysis were purine metabolism, protein
processing in endoplasmic reticulum, Ribosome and Oxidative phosphorylation. Pathways
other than purine metabolism and Oxidative phosphorylation were unique to L4 larval
stage. A novel, immunogenic cathepsin F, the most abundant molecule in
excretory/secretory products released in vitro by 7. circumcincta was identified in L4 stage
while, Tci-CF-1, a cathepsin F family is reported in both adult and fourth larval stage.
Other important identifications in both adult and fourth stage larval include the cathepsin
B-like cysteine protease, leading vaccine candidate. Another most abundant protein
identified include C-type lectin family members in 7. circumcincta larvae exposed to a
naive host environment, legumain of Haemonchus contortus were not identified in adult
Teladorsagia circumcincta analysis.

Conclusions

We were successful in comparing the results for the large dataset of fourth larval stage of
T. circumcincta ESTs against the adult stage. The results provide an imminent aspect into
the molecular biology of this parasite and disease manifestation which provides potential
focus for future research, proteomic and metabolomic studies of this parasite and could

lead to novel intervention and control strategies.
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Background

Teladorsagia circumcincta (Strongylida, Trichostrongylidae), a pathogenic parasitic
nematode that inhabit in the abomasum of small ruminants are endemic in temperate
regions of the world. 7. circumcincta primarily causes disease (teladorsagiosis) that leads
to anorexia, diarrhoea and death in lambs with the major impact of its effect on lamb
productivity with a reduction in weight gain [1]. Parasitic lifestyle transition occurs when
ensheathed infective third stage larvae (L3) are ingested by the host while grazing. Then,
L3s exsheath (XL3) and develop into fourth stage larvae (L4), immature and mature adult
worms. Transcriptomic and proteomic studies have been conducted for the identification of
genes and proteins specifically expressed during the early parasitic phase of T.
circumcincta [2, 3]. Anthelmintic resistance in 7. circumcincta against all three available
anthelmintic drug classes are common with advanced studies conducted [4, 5]. Recently,
the faecal Egg Count Reduction Test (FECRT) showed the resistance of a Teladorsagia
circumcincta isolate against LEV (39-58%), IVM (88-92%) and doramectin (85%) [6]. A
combination of anthelmintic treatments and pasture management are usually used to

control the gastrointestinal parasitic nematodes of sheep [7].

The spreading of anthelmintic resistance has reduced the efficacy of the drug against the
control of gastro-intestinal nematodes which is mainly based on anthelminthic treatments.
Recently studies have reported the efficacy of the drug against inhibited fourth-stage larvae
of Australian origin as 99.8% for Teladorsagia spp. [8] and also, the first molecule from
the aminoacetonitrile derivative class of anthelmintics, monepantel has been developed for
the use in sheep [9, 10]. The first published evidence on the efficacy of monepantel against
natural infections of 7. circumcincta parasite and its stages was the report that the
untreated control sheep were additionally infected with developing fourth-stage
Teladorsagia spp. larvae at necropsy [11]. Host immunomodulatory factors are released by
numerous parasitic helminths in their excretory and secretory (ES) products [12-16].
Studies on several parasitic nematode species have shown nematode excretory/secretory
(ES) products as a major source of antigen [17-20] and studies were mainly conducted on
ES products to understand their effects on the host tissues or on characterization of
proteases released in vitro. The ES material from L3, L4 and adult 7. circumcincta has
been studied for stage-specific protease activity at a range of pH optima [21]. Parasites
within the host with various functions such as penetration of host tissue barriers, feeding
and evasion or modulation of the host immune response are carried out with the proteins

excreted or secreted by parasites (ES) [22]. ES proteins have the prospective to identify
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novel targets to control infection with a particular focus on vaccination and also provide an
insight into the dynamics of the host-parasite relationship. ES components have been
evaluated as vaccine candidates in a number of ruminant nematode parasites with

promising results [20, 23-25].

RESULTS AND DISCUSSIONS
From 507,124 L4 454 sequences downloaded from University of Liverpool

(http://worml.liv.ac.uk/file_summary.html) after pre-processing, assembly and conceptual

translation a total of 2811 protein sequences were obtained which mapped to 266 KEGG
pathways. The top 30 (highly represented) pathways are shown in Table 1. Purine
metabolism (n=67), protein processing in endoplasmic reticulum (n=60), ribosome (n=53)
and oxidative phosphorylation (n=52) had the highest representation for the sequences
mapped to KEGG pathways. Protein processing in endoplasmic reticulum was represented
only in L4 stage. Some of the other pathways that were well represented by the peptides
unique to L4 stage include Huntington’s disease (n=51), spliceosome (n=50), pathways in
cancer (n=28). Peptides were also mapped to several other pathways glycolysis /
Gluconeogenesis, insulin signalling pathway in both L4 and adult 7. circumcincta. A
complete listing of the KEGG mappings to all the pathways is available as supplementary
data (Additional File 1).

The detailed annotation of proteins identified Secreted Cathepsin F, excretory/secretory
antigen, cytochrome ¢ oxidase, cytochrome P450 which is known to play vital role in host-
parasite interaction. Cathepsin B family is considered as the commonest type of nematode
protease [26]. A novel, immunogenic cathepsin F secreted by L4 T. circumcincta already
identified in previous studies is the most abundant molecule in excretory/secretory
products released in vitro by 7. circumcincta [27]. T. circumcincta cathepsin F-1, Tci-CF-
1, of cathepsin F class have shown identity to ESTs present in the Ostertagia ostertagi and
Haemonchus contortus expressed sequence tag databases and to hypothetical proteins
identified in the genomes of Caenorhabditis elegans and Caenorhabditis briggsae. Tci-cf-
1 represents the only cathepsin-encoding EST sequence derived from both L4 and adult
stage cDNA libraries. The identification of a cathepsin F (Tci-CF-1), the most abundant
molecule in ES products derived from 7. circumcincta L4 is considered as a key finding in

the study.
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The identification of antigens with protective capacities has always remained a challenge
for the development of an effective vaccine. ES antigens released through specialized
excretory/secretory organs or expressed at the parasite surface are often stage specific. ES
products are considered important as the candidate protective antigens due to their highly
immunogenic nature in infections and they are the targets for immune effector mechanisms
[17, 28]. Cytochrome P450s, the candidate resistance genes are believed to be involved in
drug efflux or metabolism [29, 30]. In response to drug exposure the changes in the
parasite’s respiration rate causes changes in expression, cytochrome c oxidases are part of
the mitochondrial electron transport chain [31]. Other well identified proteins include
cathepsin B-like cysteine protease, astacin-like metalloprotease, heat shock protein,
metalloprotease, putative L3 ES protein, SCP-Like extracellular protein, NADH
dehydrogenase, NADH Ubiquinone Oxidoreductase family member. Astacin-like
metalloproteases are vital for establishment of the parasite in the host and has been
identified in the excretory/secretory (ES) products of 7. circumcincta larvae [3]. Studies
show the penetration of the host intestinal mucosa and the penetration of mucosal
capillaries helped by metalloproteinase and have specific roles to play in parasite

maintenance within the abomasum [21, 32].

Based on the active catalytic centre residues (aspartic, serine and cysteine proteases) or on
the dependence on co-factors for activity (metalloproteases) different classes of proteases
are assigned. Aspartic proteases are considered to be the most conserved group while,
cysteine proteases are involved in tissue penetration and feeding [33]. Heat shock proteins
are known to play vital role in response to stimulus and developmental process. HSPs are
reported to be present in the parasitic nematodes A. caninum, H. contortus, D. viviparous,
T. canis. Studies have shown stress-induced heat shock protein are included in the
immune-exposed larvae [34] where the host immune system produce oxidative free
radicals to kill pathogens. Other significant identification were the C. elegans EGg Laying
defective family member (egl-21) homologue, which facilitates acetylcholinerelease at
neuromuscular junctions [35] and a C. elegans C-type LECtin family member (clec-1)
homologue. C-type lectin family members (clec-200) the most abundant in 7. circumcincta
larvae exposed to a naive host environment were identified. Galectin shows high
expression in sheeps infected with H. contortus. They are secreted into the lumen and
detected in mucus. These have also been reported in 7. circumcincta third larval stage
studies [36]. The fatty acid and retinol binding protein were reported in adult hookworm

ES products.
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Nematode lipid binding proteins are known for their functions in transport and metabolism
of fatty acids, sterols, or retinol, used in the metabolic and developmental processes of
embryogenesis, scavenging, growth and cellular differentiation, glycoprotein synthesis
[37]. We identified APY-1, APYrase family member, a C. elegans homologue of the
apyrase. Studies have shown constitutive activation of unfolded protein response with the
depletion of APY-1. It was first found in the saliva of blood-sucking insects and it is
reported in closely related enzymes in human [38, 39]. FaRPs are believed to interact with
different peptide receptors as a result of different effects seen on nematode somatic
musculature. Non-specific receptor interactions are also reported with structurally related

molecules [40]. The entire list of domain details in Additional File 2.

We could functionally assign GO terms with 4424 being assigned biological process (BP),
5744 molecular function (MF) and 1928 cellular component (CC) GO terms. A summary
of GO annotation by biological process, molecular function and cellular component with
metabolic process (GO:0008152), oxidation reduction (GO:0055114) and proteolysis
(GO:0006508) were the most common GO categories representing biological processes.
The largest number of GO terms in molecular function was ATP binding (GO:0005524 ),
oxidoreductase activity (GO:0016491) and catalytic activity (GO:0003824). The cellular
component represent membrane (G0O:0016020) and cytoplasm (GO:0005737) which are
significant from the viewpoint of identifying novel drug or vaccine candidates. The entire

list of GO annotation is shown in Additional File 3.

930 putatively secreted proteins were identified from the present data set of 30493 rESTs.
We identified two legumain of Haemonchus contortus, C-type Lectin from Caenorhabditis
elegans and Necator americanus, putative L3 ES protein of Ostertagia ostertagi, astacin-
like metalloprotease from Haemonchus contortus, serine/threonine protein phosphatise,
kettin from Caenorhabditis elegans, Zinc finger from Caenorhabditis elegans, Brugia

malayi (Additional File 4).

We could functionally assign GO terms to 930 putative ES proteins with 62 being assigned
biological process (BP), 82 molecular function (MF) and 34 cellular component (CC) GO
terms. A summary of GO annotation by biological process, molecular function and cellular
component with proteolysis (GO:0006508), transmembrane transport (GO:0055085) and

regulation of transcription (GO:0006355) were the most common GO categories
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representing biological processes. The largest number of GO terms in molecular function
was ATP binding (GO:0005524 ), protein binding (GO:0005515 ) and binding (GO:
0005488). The cellular component represent membrane (GO:0016020 ) and intracellular
(GO:0005622 ) which are significant from the viewpoint of identifying novel drug or

vaccine candidates (Additional File 5).

A total of 94 sequences were mapped to 75 KEGG pathways. RNA transport (n=3), Protein
processing in endoplasmic reticulum (n=3), RNA degradation (n=3) and Lysosome (n=3)
had the highest representation for the sequences mapped to KEGG pathways (Table 2).
Some of the other well represented pathways by ES proteins included the Glycine, serine
and threonine metabolism, Lysine degradation, Tight junction, Antigen processing and
presentation, Insulin signaling pathway. The entire lists of pathway analysis in Additional

File 6.

Discussion

Proteins inferred most represented domain family of proteins were the secreted cathepsin F
of Teladorsagia circumcincta, ryanodine receptor of Caenorhabditis elegans,
metalloprotease 1 of Ostertagia ostertagi, protein disulphide isomerase of Ostertagia
ostertagi, glutamate dehydrogenase ryanodine receptor encoded by the unc-68 gene are
conserved in nematodes [41]. 60 kDa protein similar to a protein disulphide isomerase
(PDI) were identified in both adult and L4 T. circumcincta proteomic analysis also
identified in the ES from parasitic stages of O. ostertagi [28, 42].These ubiquitous enzyme
play vital role during generation of many secretory and outer membrane proteins as a
catalyst of protein folding [43]. Proteomic analysis of adult ES identified enzymes, a
protein at ~20 kDa with sequence identity to nucleoside diphosphate kinase and a putative

glutamate dehydrogenase from H. Contortus (Additional File 2).

We could identify proteins which were homologues of heat shock-protein, cytochrome
p450, Cytochrome-c oxidase, EGg Laying defective family member, NADH
dehydrogenase which were also identified in the adult and third larval stage [36] . The
peptidyl-glycine alpha-amidating monooxygenase were identified only in third and fourth

larval stage.

The analysis of 930 sequences identified legumain of H. contortus. The identification of 11

kDa excretory-secretory protein with homology to Trichostrongylus colubriformis, a
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parasitic gastrointestinal nematode of sheep, goats, cattle and deer shows the possibility of
producing immunomodulatory factors by 7. circumcincta, that may aid the survival of the
parasites observed in adult Teladorsagia circumcincta [44]. Followed by the identification
of 15/24 kDa proteomic studies have shown that vaccination with recombinant 15/24 kDa
ES proteins of H. contortus did confer protection in 9-month-old sheep, but not in 3-
month-old lambs [3, 45]. The studies with adult Teladorsagia circumcincta show 15/24
kDa with homologue to Brugia malayi and Ascaris suum. Ancylostoma secreted protein 1
precursor from Necator americanus were identified while in adult Teladorsagia
circumcincta ASP-3 from O. ostertagi (ASP3) precursors (Ostertagia ostertagi),
ancyclostoma-secreted protein-like proteins (Ostertagia ostertagi) was identified

(Additional File 4).

ASPs are group of secreted proteins classified as the SCP/Tpx-1/Ag5/PR-1/Sc7 family are
members of nematode-specific molecules [7]. A proteomics approach was used to show
ASPs as the most abundant protein in adult O. ostertagi ES [46] and also, an important
vaccine candidate [7, 47]. ASPs have been identified in L4 T. circumcincta ES and in it
would seem that ASPs are abundant in 7. circumcincta L4 ES and are also highly
represented in EST datasets of different parasitic stages of this nematode [48]. T.
circumcincta expressed sequence tag (EST) has shown significant sequence identity to
astacin (AST)-like metalloprotease from Ostertagia ostertagi in previous studies. An AST-
like metalloproteinase and a cathepsin have been identified in 3" larval stage [3]. The
study of the fourth larval stage has identified astacin-like metalloprotease of Haemonchus
contortus. Nematode cathepsins [49] and ASTs [50] are known to digest the host proteins.
The nematode AST-like metalloproteinases are known to play vital role in adaptive
immune responses early in infection and in stimulating innate [51]. Cathepsin B-like
cysteine protease was identified in fourth stage and adult stage larval. The cytokine
network and down-regulate inflammation are interrupted with the anticipation of
cathepsin B-like cysteine protease to interfere with the immune system [52]. Cathepsin B-
like cysteine protease of Haemonchus contortus identified in fourth stage larvae are
considered leading vaccine candidate. C-type lectin, carbohydrate binding proteins
identified in both adult and fourth stages are known to be involved in immune processes,
such as antigen uptake and presentation, cell adhesion, apoptosis and T cell
polarisation form a part of the superfamily of the pathogenesis-related proteins (PRPs) [53,
54]. They are known to be abundant in 7. canis [55, 56]. Galectins which were identified in

adult stage was not identified in fourth stage. Legumain or asparaginyl proteinases
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identified as the novel class of cysteine proteinase were first reported in animals in the
human blood fluke, Schistosoma mansoni [57]. Legumains involved in the activation of,
cathepsin B-like proteinases, cysteine proteases are considered to help degrade the
bloodmeal in blood-feeding helminths such as schistosomes, hookworms and other
nematode species [58]. The legumain of Haemonchus contortus were not identified in

adult Teladorsagia circumcincta analysis.

Myosin heavy chain of Haemonchus contortus are known as antigenic proteins and are
used in the vaccine studies [59]. Nuclear Hormone Receptor is a transcription factor
belonging to the superfamily of steroid nuclear hormone receptors. They are known to
affect in areas of sex determination, molting, developmental timing, diapause, and life
span. Studies have been reported that the three members of the NR4A1/Nur77/NGFIB
orphan nuclear hormone receptor subfamily (NR4A1, NR4A2, and NR4A3) are known to
be down-regulated in the HeLaHF revertant of cervical cancer [60, 61]. The future focus of
NR studies of C. elegansis in the area of ion balance, stress response and immunity.
Serine, cysteine as well as proteinase inhibitors identified in both adult and fourth stage
represent the protein families are considered as important targets for parasite invention and
control. Parasites are protected against digestion by endogenous or host-derived

proteinases with the help of proteinase inhibitors [52, 62-64].

Conclusions

Large-scale analysis with fourth larval stage and comparing with the adult stage of
Teladorsagia circumcincta identified important excretory/secretory products that could be
step towards identifying novel intervention and control strategies. The fourth stage analysis
identified cathepsin F, the most abundant molecule in excretory/secretory products
released in vitro by 7. Circumcincta. The proteins that represent the important targets for
parasite invention and control, Serine, cysteine as well as proteinase inhibitors, the
cathepsin B-like cysteine protease, the leading vaccine candidate and C-type lectin family
members in 7. circumcincta larvae exposed to a naive host environment were identified in
both adult and fourth stage. The proteins identified in adult like Galectins were not
reported in fouth larval stage. Similarly, legumain of Haemonchus contortus, the novel
class of cysteine proteinase was identified in fourth larval stage were not identified in adult
Teladorsagia circumcincta analysis. These results present a step towards future research on
disease manifestation and molecular biology of the parasite with the focus on studies

integrating proteomics and metabolomic studies.
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METHODS

The short reads were were pre-processed using SeqClean, RepeatMasker, for the removal
of flanking vector and adapter sequences aligned/clustered using the iassembler [65].
rESTs were then conceptually translated into peptides using ESTScan [66], which were
further characterized via InterProScan (domain/motifs) and Gene ontologies were inferred
using InterProScan [67]. Peptides predicted from rEST were also compared, using
BLASTP, with the non-redundant protein sequence database from National Centre for
Biotechnology Information (NCBI). The peptides were mapped to respective pathways in
C. elegans using KOBAS [68] . SecretomeP [69] was used to identify the non-classical sec
pathway. All proteins with signal sequences are passed on to TMHMM ([70], a hidden
Markov model-based transmembrane helix prediction program, to ‘‘filter out”
transmembrane proteins. The subset lacking transmembrane helices is selected as ES
proteins for further annotation. The predicted proteins are searched against the data sets
derived from Wormpep Wombase [http://wormbase.org/] for locating nematode
homologues. Lists of homologous proteins in C. elegans, linked to WormBase are obtained
by mapping against Wormpep. Results are further validated by the gene ontology and

pathway analysis. InterProScan was used to analyse the protein domain/motif.
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Tables and Captions

Table 1: Top 30 KEGG pathways in L4 7. circumcincta protein sequences.

KEGG PATHWAY

Purine metabolism

Protein processing in endoplasmic reticulum
Ribosome

Oxidative phosphorylation
Huntington's disease

Spliceosome

RNA transport

Lysosome

Alzheimer's disease

Parkinson's disease

Valine, leucine and isoleucine degradation
Peroxisome

Ubiquitin mediated proteolysis
Proteasome

Endocytosis

Ribosome biogenesis in eukaryotes
Pathways in cancer
Aminoacyl-tRNA biosynthesis
Phagosome

Glycolysis / Gluconeogenesis
HTLV-I infection

Fatty acid metabolism

Insulin signaling pathway

Citrate cycle (TCA cycle)

Regulation of actin cytoskeleton

Amino sugar and nucleotide sugar metabolism

Propanoate metabolism
Focal adhesion
mRNA surveillance pathway

Whnt signaling pathway

152

No. of sequences
67
60
53
52
51
50
46
44
43
40
35
34
29
29
29
28
28
27
27
26
26
24
24
23
23
22
22
22
21
21



Table 2: Top 30 metabolic pathways mapped by Kyoto Encyclopedia of Genes and

Genomes in L4 T. circumcincta ES proteins

KEGG PATHWAY No. of sequences
RNA transport 3
Protein processing in endoplasmic reticulum 3
RNA degradation 3
Lysosome 3
Citrate cycle 2
Nitrogen metabolism 2
Glycine, serine and threonine metabolism 2
Lysine degradation 2
Ribosome biogenesis in eukaryotes 2
Tight junction 2
Antigen processing and presentation 2
Insulin signaling pathway 2
Alzheimer's disease 2
Huntington's disease 2
Viral myocarditis 2
Glycolysis / Gluconeogenesis 1
Galactose metabolism 1
Starch and sucrose metabolism 1
Pyruvate metabolism 1
Propanoate metabolism 1
Inositol phosphate metabolism 1
Oxidative phosphorylation 1
Methane metabolism 1
Fatty acid biosynthesis 1
Purine metabolism 1
Pyrimidine metabolism 1
Alanine, aspartate and glutamate metabolism 1
Cysteine and methionine metabolism 1
Arginine and proline metabolism 1
Tryptophan metabolism 1
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List of additional files (available on CD attached)

Additional File 1: Pathway Analysis of Teladorsagia circumcincta L4 proteins
Additional File 2: Top BLAST hits of Teladorsagia circumcincta L4 protein sequences
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6.2 Conclusions

Large-scale analysis helped in comparison of adult and fourth larval stage Teladorsagia
circumcincta. The most abundant molecule in excretory/secretory products released in
vitro by T. circumcincta, cathepsin F was identified in fourth larval stage. Other important
identifications in both adult and fourth larval stage include the cathepsin B-like cysteine
protease, the leading vaccine candidate and C-type lectin family members in 7.
circumcincta larvae exposed to a naive host environment. The proteins that represent the
important targets for parasite invention and control, serine-, cysteine-proteases as well as
proteinase inhibitors were identified in both adult and fourth larval stage. Galectins which
were identified in adult stage was not identified in fourth stage while legumain of
Haemonchus contortus, the novel class of cysteine proteinase was identified in fourth
larval stage were not identified in adult Teladorsagia circumcincta analysis. Our results
provide a step for future research on disease manifestation and molecular biology of the
parasite and also future studies integrating proteomics and metabolomic studies for

identifying novel intervention and control strategies.
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Chapter 7: Conclusions and future directions

7.1 Summary
ESTs accredited as one of the richest sources for discoveries in modern biology with a
wide range of application in genomics, transcriptomics and proteomics, with a range of

computational methods and algorithms for the analysis.

A review of different tools and pipelines in EST and NGS data analysis was necessary for
the development of new analysis pipeline with new and updated bioinformatic tools. With
the introduction of Next-generation sequencing, short read sequences are generated

extensively for different organisms including the new ones.

Analysis of Fasciola hepatica for secretory proteins involved in host-pathogen interactions
was carried out with the existing pipeline which identified novel proteases with important
roles in host-parasite interplay, mainly cathepsin L and cathepsin B cysteine proteases and
carboxypeptidase and trypsin-like serine proteases, the members of two serine protease
families. Abundant and vastly regulated antioxidants released via a non-classical trans-
tegumental pathway were identified which revealed the requirement to integrate the
bioinformatic tool, SecretomeP, for the identification of non-classically secreted proteins.
The F. hepatica analysis with the focus on protein secretion using the transcriptomic and
proteomic approach represents a significant step in understanding the host-parasite

interactions in fasciolosis.

The benchmarking of the tools were carried out with the large-scale analysis of
Teladorsagia circumcincta dataset (407,357 ESTs) with an emphasis on description of
molecules inferred to be ES proteins as possible immunogens and vaccine candidates. The
large-scale analysis paved the way for future research with the concentration of study on
disease and molecular biology of the parasite along with studies to identify novel disease

control stratergies.
A robust analysis pipeline, TranSeqAnnotator was developed for large-scale analysis with

different phases including the ESTs, short reads, proteins and ES sequence analysis. The

annotation carried out for all the phases and a summary of independent analysis is
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provided. The efficiency of TranSeqAnnotator is analysed using the Ascaris lumbricoides

dataset.

Studies on ES proteins across the clade in phylum Nematoda have proposed them as
potential therapeutic targets [41, 163, 164]. Also, our study on F. hepatica by integrating
transcriptomic and proteomic studies have led to the identification of more novel proteases.
These findings made us expand our study on large-scale dataset of 7. circumcincta. The
large-scale NGS data analysis helped to benchmark the new and updated bioinformatic
tools with vast amounts of EST data including the short read sequences and accurately
predict and analyse ES proteins. Understanding the role of ES proteins in helminths and
also, the development of novel anthelmintics are the highlights of the study. We have
enabled experimental biologists to carry out a detailed and directed functional annotation
in understanding the complexities of host-parasite interactions in a cell with the

development of a robust analysis pipeline.

7.2 Significance and contributions

The study and analysis of EST dataset is reviewed based on the currently available
methods and pipelines and written in the form of a review article. Based on this review, we
have developed TranSeqAnnotator, a comprehensive workflow system for EST and NGS
data management and analysis. The in silico approach in the identification of several
important proteases during EST analysis of parasitic nematode F. hepatica supported by
experimental validation and hence represented as an integrated approach of transcriptomics
and proteomics. The large-scale analysis from Teladorsagia circumcincta helped in the
development of TranSeqAnnotator to facilitate better understanding of parasite biology and

for the development of novel drugs or vaccines for parasite intervention and control.

7.3 Future directions

In this section, we present the extention of the research work carried out in this thesis. The
TranSeqAnnotator could be developed with additional features addressing the Next-
generation sequencing, the newly developed technology. The pipeline can be extended for
microarray analysis, new tools could be incorporated for SNP discovery like autoSNP
[165, 166], and SNPServer [167], and to construct a relational database to enable the
efficient mining of the identified polymorphisms. Other areas to explore would be the gene
expression data and identification of biomarkers. Include short read aligner tool like bowtie

[168]. Recent advances in sequencing technology now produces 200-500 million reads per
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lane with Illumina HiSeq leading to an increasing accumulation of transcriptomic
(RNAseq) data. The main application of RNA-Seq is in the discovery of new transcripts,
transcript boundaries, splice junctions. Also, helps to learn about expression outside of
annotated exons, alternative splicing along with which genes are up and down regulated in
different cell lines [169]. Study of alternative splicing, gene discovery projects and
comparative genomics is carried out with the initial study of the alignment of EST
sequences to their associated or related genomic sequences. We here have reported several
novel candidates for parasite control and intervention with the focus on several ES proteins
which could help in the identification of novel therapeutic targets. The experimental

verification would help in characterization of the molecules in detail.
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