Comparative Analysis of ABC Transporter Genes

in Pathogenic and Non-pathogenic Nematodes

by
Xinyin Zhao
B.Sc, Beijing Forestry University, 2013

Thesis Submitted in Partial Fulfillment of the
Requirements for the Degree of

Master of Science

in the
Department of Molecular Biology and Biochemistry
Faculty of Science

© Xinyin Zhao 2015
SIMON FRASER UNIVERSITY
Fall 2015

All rights reserved.
However, in accordance with the Copyright Act of Canada, this work may
be reproduced, without authorization, under the conditions for
“Fair Dealing.” Therefore, limited reproduction of this work for the
purposes of private study, research, criticism, review and news reporting
is likely to be in accordance with the law, particularly if cited appropriately.



Approval

Name: Xinyin Zhao
Degree: Master of Science
Title: Comparative Analysis of ABC Transporter Genes in
Pathogenic and Non-pathogenic Nematodes
Examining Committee: Chair: Dr. William Davidson
Professor

Jack Chen

Senior Supervisor

Professor

David Baillie

Supervisor

Professor

Ryan Morin

Supervisor

Assistant Professor

Jonathan Sheps

Supervisor By written consultation, Vancouver
Research Scientist

Fiona Brinkman

Internal Examiner

Professor

Department of Molecular Biology and
Biochemistry

Date Defended/Approved: November 20", 2015




Abstract

The ATP-binding cassette (ABC) transporter gene superfamily is a large protein family
with diverse physiological functions in different organisms. Recent genome sequencing
projects have reported expansion of ABC transporter gene family in parasitic nematodes
and hypothesized that such expansion may enable the parasites to become pathogenic
or have increased virulence. Some of these reported expansions may reflect the
completeness of sequenced genomes, use of bioinformatics programs, and parameters
and criteria used in these projects. The goal of this thesis research is to develop a robust
bioinformatics pipeline for annotating high-quality ABC transporter genes so that we can
reduce the contribution of technical errors. Our comparative analysis of 29 nematode
genomes suggests that pathogenic nematodes generally contain fewer ABC transporter
genes than non-pathogenic nematodes, suggesting that expansion in ABC superfamily
may not be a mechanism for pathogenic nematodes to survive in their host environment.

However, many pathogenic nematodes have genome-specific ABC transporter genes.

Keywords: Non-pathogenic nematode; pathogenic nematodes; ABC transporter
gene; bioinformatics; comparative genomics; phylogeny
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Chapter 1. Introduction

1.1. Overview of the structure and function of ABC
transporter genes

ATP-binding cassette (ABC) transporter genes are also known as ABC systems.
They constitute one of the largest gene families in different living organisms on earth
(Higgins 1992). ABC transporter genes were first identified and characterized in
prokaryotes (Ferenci et al. 1977). The first eukaryotic ABC transporter (P-glycoprotein)
was identified in human and it showed high similarity to bacterial ABC transporters.
(Gerlach et al. 1986; Gros et al. 1986). All ABC transporters identified so far can be
classified into three main functional categories: importers, exporters (Figure 1.1) and non-
transporters. Importers are unique to prokaryotes and mediate the uptake of substrates
including saccharides, ions, amino acids, peptides, metals, polyamine cations, opines, and
vitamins (Davidson et al. 2008). Exporters have been found in all domains of life and they
are involved in the secretion of various molecules, such as, lipids, hydrophobic drugs,
polysaccharides, and proteins including toxins (Saurin et al. 1999; Davidson et al. 2008).
The ABC-containing non-transporters are involved in several non-transport-related
processes, such as translation elongation and DNA repair (Chakraburtty 2001; Goosen
and Moolenaar 2001; Zhao et al. 2007).
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Figure 1.1:  Schematic of ABC transporter function

ABC importers transport substrates from extracellular environment to cytoplasm, which requires a
substrate binding protein (SBP) that binds and delivers substrates to the TMDs. The ABC
domains and TMDs of ABC importer are separate subunits. ABC exporters transport substrates
from cytoplasm to extracellular environment. The ABC domains and TMDs are fused to each
other in ABC exporters.

All ABC transporters share a highly conserved domain, called ABC domain (also
referred to as nucleotide-binding domain [NBD]), which is responsible for coupling
transport to ATP hydrolysis. ABC domain is characterized by three conserved motifs,
Walker A, ABC Signature and Walker B motifs (Figure 1.2). Walker A and Walker B are
indicative of the presence of a nucleotide binding site while the ABC Signature is located
between Walker A and Walker B motifs (Schneider and Hunke 1998; Jones and George
2004). An ABC transporter also harbors a transmembrane domain (TMD), consisting of
several transmembrane a-helices (in most cases of six membrane spanning a-helices).
TMD is responsible for translocating a variety of substrates across cellular membrane
(Hyde et al. 1990). In contrast to the high conservation of ABC domain, TMD is loosely
conserved. TMDs in different ABC transporters have rather different sequences and
lengths. The core functional unit of an ABC transporter constitutes of two ABC domains

and two TMDs. This apparent diversification of TMD has been used to explain the ability



of ABC transporters to transport diverse substrates (Holland 2011; Kang et al. 2011). The
core functional unit of an ABC transporter constitutes of two ABC domains and two TMDs.
ABC domains and TMDs of importers are encoded as separate polypeptide chains (Figure
1.1) (Biemans-Oldehinkel et al. 2006). In contrast, ABC domains and TMDs of exporters
can be encoded as a single polypeptide, referred to as full transporter, or can be encoded
as two separate polypeptides, referred to as half transporters, each containing one ABC
domain and one TMD (Figure 1.3). Thus, half transporters require to form either homo- or
hetero-dimers to be functional (Kispal et al. 1999; Xu et al. 2004).

Walker A ABC signature H-motif
...GXXGXGK/S/T... ..LSGGAQ... H..
N | [ ] | T | | C
Qo ..bdddD...
Q-loop Walker B

Figure 1.2:  Alinear representation of ABC domain, illustrating the relative
positions of the conserved motifs.

Walker A and Walker B are indicative of the presence of a nucleotide binding site while the ABC

Signature, unique to ABC proteins, is located upstream of Walker B and downstream of Walker A.

The Q loop is believed to be involved in the interaction of the ABC domain and TMD and the H

motif contains a highly conserved histidine residue, functioning in the interaction of the ABC

domain with ATP.
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Figure 1.3: A working model of the membrane topology for functional ABC
exporters

Exporters can be encodes as a single polypeptide, referred to as full transporter, or can be

encodes as two separate polypeptides, referred to as half transporters, each containing one ABC

domain and one TMD.

1.2. ABC transporter genes in human

Human Genome Organization (HUGO) classified 49 ABC transporter genes into
seven subfamilies (ABCA to ABCG) based on the sequence similarity of their ABC
domains (Dean and Allikmets 2001; Dean et al. 2001; Dean 2005) (Table 1.1). Many
human ABC transporter genes were identified to be medically relevant (Allikmets et al.
1996; Dean et al. 2001).



Table 1.1: Subfamily information of ABC transporter genes in human.

Domain organization is indicated in the bottom color boxes

Subfamily Full transporter Half transporter Not real transporter
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1.2.1. Human ABC transporter genes in multidrug resistance and
cancer therapy

Multidrug resistance (MDR) is a serious problem that hampers the success of
cancer therapy (Chang 2003; Wu et al. 2008). The most common mechanism underlying
MDR is the overexpression of ABC efflux transporter genes in cancer cells (Chang 2003;
Wau et al. 2008; Choi and Yu 2014). ABCB1 (PGP1/MDR1) was identified to confer a MDR
phenotype to cancer cells that had developed resistance to chemotherapy drugs (Kartner
et al. 1985). ABCB1 is expressed in the kidney, liver, gastrointestinal tract, and blood
brain barrier (Thiebaut et al. 1987; Cordon-Cardo et al. 1989; Schinkel et al. 1997). The
likelihood of failure in cancer treatment is increased when the expression of ABCB1 is
upregulated during the treatment. About half of human cancers develop MDR because of
ABCB1 (Gottesman et al. 2002).



Multidrug resistance-associated protein 1 (MRP1/ABCC1) was first found to be
responsible for developing the multidrug resistance phenotype in a drug-selected human
lung cancer cell line (Cole et al. 1992). MRP1 is expressed nearly in all kinds of tissues
and cell types, with high levels in lungs, testicles, kidney, skeletal and cardiac muscle
(Cole et al. 1992; Flens et al. 1996; St-Pierre et al. 2000). Later, MRP1-mediated
resistance to drugs was demonstrated in cell lines of various types of solid tumors, such
as lung, breast, ovarian, prostate and colon tumors (Hipfner et al. 1999). Recently,
researchers found up-regulation of MRP1 is responsible for the resistance of brain cells
to antiepileptic drugs (AEDs) in the amygdale kindling rats, suggesting that MRP1 is
involved in the mechanism of brain cell resistance to AEDs in refractory epilepsy (Chen et
al. 2013).

ABCG is a more recently identified drug transporter. It is also known as breast
cancer resistance protein (BCRP) (Doyle et al. 1998) or mitoxantrone resistance protein
(MXR1) (Miyake et al. 1999). Unlike ABCB1 and ABCC1, ABCG2 as a half ABC
transporter must function as a homodimer or heterodimer (Xu et al. 2004). Similar to
ABCB1 and ABCC1, ABCG2 transports a variety of drugs (Allen et al. 1999; Brangi et al.
1999; Maliepaard et al. 1999; Robey et al. 2001; Janvilisri et al. 2003; van Herwaarden et
al. 2007) and protects our tissues, such as intestine, placenta, liver, and the blood—brain

barrier against various xenobiotics (Sarkadi et al. 2004).

In addition to ABCB1, ABCC1 and ABCGZ2, other ABC transporters including
ABCA2, MDR2, ABCC2, ABCC4 and ABCC11 that were found overexpression in cell lines
resistant to drug (Borst et al. 1993; Schuetz et al. 1999; Borst et al. 2000; Turriziani et al.
2002; Mack et al. 2008), suggesting that many ABC transporters have drug resistance

capacity.

1.2.2. ABC transporter genes related human genetic disease

In addition to causing drug resistance in cancer, ABC transporters have been
found to be responsible for many human diseases when they are mutated. To date, 14
ABC transporter genes have been associated with genetic disorders such as neurological

disease, retinal degeneration, cholesterol and bile transport defects, cystic fibrosis,



anemia (Klein et al. 1999; Dean et al. 2001; Vasiliou et al. 2009). Mutations in ABCA1 has
been identified to be responsible for Tangier disease, a disorder of cholesterol transport
between tissues and the liver (Remaley et al. 1999; Rust et al. 1999). Mutations in ABCA4
leads to an accumulation of retinoids in the outer segment or the retinal pigment epithelium,
causing a genetic eye disorder called Stargardt disease (STGD) (Maugeri et al. 2000;
Battu et al. 2015). Mutations in ABCB2 (TAP1) and ABCB3 (TAP2) have been linked to
an immune disorder (a loss of cell surface expression of MHC class | molecules) (Lankat-
Buttgereit and Tampe 2002). Mutations in ABCC3 cause a human disorder of organic ion
transport called Dubin—Johnson syndrome, an increase of conjugated bilirubin in the
serum without elevation of liver enzymes (Toh et al. 1999; Tsujii et al. 1999). Mutations in
the ABCC6 (MRP6) have been established as the cause of pseudoxanthoma elasticum
(PXE) characterized by soft tissue calcification affecting the skin, eyes and cardiovascular
system (Wang et al. 2001; Trip et al. 2002; Ronchetti et al. 2013). Mutations in ABCC7
(CFTR) cause cystic fibrosis (CF), one of the most common fatal childhood diseases in
Caucasian populations characterized by abnormal exocrine activity of the lung, pancreas,
sweat ducts, and intestine (Figure 1.4) (Dean et al. 2001; Gadsby et al. 2006). Loss-of-
function mutations in ABCD1 (ALD) cause a severe neurodegenerative disease, X-linked
adrenoleukodystrophy (X-ALD) with accumulation of very long chain fatty acids in organs,
serum and central demyelination (Mosser et al. 1993; Pujol et al. 2004). Mutations in half
transporters ABCG5 and ABCG8 are associated with sitosterolemia, a disease
characterized by defective transport sterols and cholesterol (Gregg et al. 1986; Patel et al.
1998).
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Figure 1.4: Symptoms of cystic fibrosis

Cystic fibrosis is a human genetic disease caused by the mutation in CFTR. It affects mostly the lungs
causing cause obstructions that lead to inflammation, tissue damage and destruction, but also affects the
pancreas, liver, kidneys and intestine. Figure obtained from (Cutting 2015).

In summary, ABC transporter genes are involved in diverse biological processes
and the mutations of them could cause severe human disease. It suggests that ABC
transporter genes are extremely important to living organisms and more efforts should be
made to identify ABC transporter genes as well as understand the mechanisms underlying

ABC transporter genes in different biological processes.



1.3. ABC transporter genes in other representative
organisms

1.3.1. ABC transporter genes in bacteria

The complete genome of E. coli K-12 serotype enabled the genome wide
identification of ABC transporter genes (Blattner et al. 1997). The collection of 79 ABC
transporter genes constitutes the largest family in the E. coli K-12 genome, comprising 5%
of the total genome (Linton and Higgins 1998).

Pathogenic bacteria exhibit a smaller genome size than free-living bacteria
(Ochman and Davalos 2006). Genome reduction can be associated with increased
virulence, as many of the most virulent bacterial pathogens have smaller genomes than
closely related species (Fournier et al. 2014). There exists a linear relationship between
the total number of ABC transporter genes and the size of genome in different prokaryotic
organisms. E. coli (with a genomes size of 4.6 Mb) and Bacillus subtilis (with a genomes
size of 4.2 Mb) have 79 and 84 ABC transporter genes, respectively, which are typical
numbers for this size of genome. Most bacteria of small size (0.5-1.5Mb) are intracellular
parasites, which have rendered some inessential ABC transporter genes, leading to the
disruption or deletion of these genes. The remained ABC transporter genes in those
intracellular parasites could constitute the minimal requirement of ABC transporter genes
for their life. In contrast, bacteria found in soil, such as Agrobacterium tumefaciens and
Mesorhizobium loti (with a genome size of 5.67 and 7.6 Mb, respectively) contain larger
numbers of ABC transporter genes (more than 200). This dramatic expansion could be
caused by highly competitive environmental conditions that those bacteria have to

confront in the soil (Davidson et al. 2008).

1.3.2. ABC transporter genes in yeast

The budding yeast, Saccharomyces cerevisiae, was the first organism that had its
complete inventory of ABC transporters identified. 30 ABC transporter gene proteins were
originally characterized based on homology searches (Decottignies and Goffeau 1997).
28 of these ABC proteins were classified based on their homology to mammalian ABC

transporter gene subfamilies, whereas two (CAF16 and YDRO061w) failed to be classified
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into HUGO subfamilies and were therefore categorized as “other” (Paumi et al. 2009).
Intriguingly, yeast does not contain any ABC transporter genes in ABCA subfamily. There
was an expansion of 10 members in subfamily G in yeast compared to only 5 members in
human. Most (nine of 10) genes in subfamily G were full ABC transporters in comparison
to only half ABC transporters existing in subfamily G in human genome (Dean et al. 2001),
suggesting that ABC transporter genes in subfamily G have been through dramatic

changes during evolution.

The functions of many ABC transporters in yeast have been successfully
characterized. The only full-size ABC transporter STE6 in subfamily B (the first ABC
transporter identified in yeast) is required for secretion of the lipopeptide mating
pheromone a-factor, which is essential for mating of haploid yeast cells (Kuchler et al.
1989; Kuchler et al. 1993). The half ABC transporter in subfamily B ATML1 is located in the
mitochondrial inner membrane and performs an essential function in the generation of
cytosolic Fe/S proteins by mediating the export of Fe/S cluster precursors (Kispal et al.
1999). Cells lacking a functional ATM1 gene showed an unstable mitochondrial genome
that completely lacked cytochromes, suggesting that AMT1 is necessary for normal cell
development (Leighton and Schatz 1995). Deletion of the subfamily C member YCFL1 (full
ABC transporter) causes high sensitivity to cadmium (Szczypka et al. 1994). Along with
YCF1, BPT1 is involved in the transport of unconjugated bilirubin and in heavy metal
detoxification via glutathione conjugates (Klein et al. 2002), suggesting these two
transporters play a role in cellular detoxification. Two half ABC transporters of subfamily
D, PXAl and PXA2, are peroxisomal membrane proteins that function as a heterodimer
in fatty acid transport (Shani and Valle 1996). Subfamily G members PDR5 and SNQ2 are
responsible for drug resistance (Servos et al. 1993; Kolaczkowski et al. 1998). PDR12 can
confer resistance to weak organic acids (Piper et al. 1998). The expression of AUS1 or
PDR11 in subfamily G was confirmed to be required for anaerobic growth and sterol
uptake (Wilcox et al. 2002). Non-transporter member of subfamily E, RLI1, is an essential
yeast protein which may play an important role in both translation initiation and ribosome
biogenesis (Dong et al. 2004). Deletion of elongation factor 3, a subfamily F member, is
lethal in yeast, indicating its essential role in fungal translational process (Chakraburtty
and Triana-Alonso 1998).

10



ABC transporter genes have been identified in 27 fungal species representing five
phyla and eighteen orders of fungi (Kovalchuk and Driessen 2010). The number of ABC
transporter genes varied by more than five times between different species. Interestingly,
an uneven distribution of ABCA proteins (including both half and full transporters) among
fungi demonstrates multiple loss events during fungal evolution. The absence of ABCA
members in many of the analyzed fungi genomes suggests that fungal ABCA transporters
are not essential for survival. While the numbers of half ABC transporter genes in
subfamily B were similar among different fungal genomes, full-size ABCB proteins have
apparently undergone an extensive amplification. In general, it shows that after divergence
of fungal phyla, a significant diversification occurred in ABC transporter genes, suggesting
that ABC superfamily is a dynamic gene family during evolution (Kovalchuk and Driessen
2010).

1.3.3. ABC transporter genes in Drosophila

The fruit fly Drosophila melanogaster is a model organism that has been widely
used by researches for many decades to study a wide range of phenomena (Beckingham
et al. 2005). In total, 56 ABC transporter genes in D. melanogaster were identified based
on homology searches and at least one representative ABC transporter gene was found
in each of the known mammalian subfamilies (Dreesen et al. 1988; Mackenzie et al. 1999;
Dean et al. 2001). The eighth subfamily H which is most closely related to subfamily ABCG
was first characterized in the D. melanogaster genome (Dean et al. 2001). Surprisingly,
compared to human and mouse genomes which only contain five and six known ABCG
genes, respectively, the D. melanogaster genome contains15 ABCG genes, making
ABCG the most abundant subfamily in the fly genome (Dean et al. 2001). In addition,
these ABCG genes are phylogenetically divergent, suggesting that there were many

independent and ancient gene duplication events.

The best studied ABC transporter genes in Drosophila are the eye pigment
precursor transporter genes, white, scarlet, and brown in subfamily G. These genes
encode half-transporters that can heterodimerize and have been proposed to transport
guanine and tryptophan (precursors of the red and brown eye pigments) into pigment cells
(Ewart et al. 1994; Campbell and Nash 2001). For example, White can form a full ABC
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transporter with either of Brown or Scarlet (Mackenzie et al. 1999). It has been suggested
that the white and brown genes may influence neural function outside of the eye as well
(Wu et al. 1991; Ewart et al. 1994). In subfamily B, several ABC transporter genes were
reported to be able to confer drug resistance. For instance, sensitivity to dietary colchicine
and tumor progression significantly increased in fly with mdr49 deletion (Wu et al. 1991;
Buss et al. 2002). mdr65 was proved to be responsible for the a-amanitin resistance
(Begun and Whitley 2000) and also has been suggested to play a role in regulating
cadmium toxicity in Drosophila as well (Tapadia and Lakhotia 2005). Besides drug
resistance capacity, mdr65 has been shown to function as an ortholog of human ABCB1
and is necessary for chemical protection within fruit fly brain (Mayer et al. 2009). In
subfamily C, dSUR gene which shares orthologous relationship with human ABCCS8
(known to cause the human disease hyperinsulinemic hypoglycemia of infancy), has been
suggested a role in protecting the heart from anoxic damage (Akasaka et al. 2006). In
subfamily C, overexpression of dMRP4 can increase oxidative stress resistance and
extend lifespan (Huang et al. 2014a). Another ABC transporter gene, CG10505, in
subfamily C was indicated to be involved in biochemical detoxification of zinc and copper
(Yepiskoposyan et al. 2006).

Phylogenetic analysis revealed very few Drosophila ABC transporter genes
sharing orthologous relationship with those of human due to the high rate of birth and
death of ABC transporter genes (Figure 1.5), indicating the genes have evolved with
functions that are specialized to either insects or mammals. For example, the eye pigment
transporters in flies have no ortholog in vertebrates. Similarly, the vertebrate ABCA4
(photoreceptor-specific transporter) and CFTR genes are not identified in insects and
nematodes (Dean et al. 2001). Therefore, ABC transporter genes have undergone
dramatic changes during evolution, which made it more interested to study those genes

in different organisms.
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Phylogenetic analysis of ABC transporter genes in human and D.
melanogaster

ABC transporter genes were first characterized in human and D. melanogaster. Phylogenetic tree
was constructed using left ABC domain sequences of full transporters and the only ABC domain
sequences of half transporters in human and D. melanogaster. ABC transporter genes in human
were highlighted by different color representing for different subfamilies. Very few Drosophila
ABC transporter genes share orthologous relationship with those of human.

Figure 1.5:

13



1.3.4. ABC transporter genes in fish

The zebrafish (Danio rerio) embryo has become an important vertebrate model in
many fields, such as genetics and human disease, toxicology and pharmacology (Scholz
et al. 2008). 41 ABC transporter genes are found in zebrafish (Dean and Annilo 2005). All
ABC subfamilies found in zebrafish are also found in the mammalian subfamilies, except
the ABCH subfamily. Zebrafish is the only vertebrate that contains ABCH1 (Popovic et al.
2010). Although the function of ABCHL1 in zebrafish remains unknown. Tissue distribution
pattern revealed the highest ABCHL1 expression in brain, gills and kidney, followed by
lower expression in intestine, gonads, skeletal muscle and liver. Because ABCHL1 is
closely related to ABCG subfamily, it has been hypothesized ABCHL is either involved in
sterol transport similar to ABCG1, or is a part of the multidrug defence system like ABCG2
(Popovic et al. 2010).

The functions of some ABC transporter genes in zebrafish have been studied.
ABCB4 in zebrafish acted as the multixenobiotic transporter and functionally similar to
human ABCBL1 (Fischer et al. 2013). ABCB5 plays a role in biliary excretion (Bard 2000;
Luckenbach et al. 2014). ABCB11, which has been shown to be highly conserved across
vertebrate taxa, functions as bile salt exporter in liver of zebrafish (Ballatori et al. 2000).
ABCC2 is expressed in excretory organs of zebrafish, including kidney, liver and intestine
and an up-regulation of ABCC1 and ABCC5 gene in embryos was observed when the
zebrafish was exposed to heavy metals (Long et al. 2011). ABCC6a is essential for normal
development of the zebrafish and knockdown the expression of ABCC6a after fertilization
showed shortening of the body, delay of the head development, and decreased tail length
(Li et al. 2010).

1.4. ABC transporter genes in nematodes

To date, ABC transporter genes have been annotated for eight nematode
genomes, including free-living nematodes Caenorhabditis elegans (Sheps et al. 2004),
Caenorhabditis briggsae, Caenorhabditis remanei (Zhao et al. 2007) and Panagrellus
redivivus (Srinivasan et al. 2013), a necromenic nematode Pristionchus pacificus

(Dieterich et al. 2008; Sommer and McGaughran 2013), a human parasite Brugia malayi
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(Ardelli et al. 2010), a ruminant parasite Haemonchus contortus (Laing et al. 2013), and

the pinewood nematode Bursaphelenchus xylophilus (Kikuchi et al. 2011).

1.4.1. ABCtransporter genes in C. elegans

The model organism C. elegans was the first nematode whose complete inventory
of ABC transporter genes was identified. Through homology searches, 61 candidate ABC
transporter genes were identified in the C. elegans genome (Sheps et al. 2004; Zhao et
al. 2007). These ABC transporter genes were assigned into eight subfamilies (A-H) based
on their orthologous relationship to 49 annotated human ABC transporter genes (Dean et
al. 2001). Among these ABC transporter genes in these two organisms, eight pairs of one-
to-one orthologous relationships were identified. Compared to humans, C. elegans had a
dramatic expansion (15 members) in the PGP subgroup of subfamily B, compared to only
four PGP genes in human. Subfamily G in C. elegans also experienced a slight expansion
with nine members, compared to five in human. These observations suggest that while
some ABC transporter subfamilies were highly conserved, while others were highly

dynamic in evolution.

Functions of some ABC transporter genes in C. elegans have been characterized.
Subfamily A member ced-7 is widely expressed during embryogenesis and worms with
mutations in ced-7 showed defect in engulfment process, indicating that ced-7 functions
in both dying cells and engulfing cells (Wu and Horvitz 1998). A half ABC transporter gene
abtm-1 in subfamily B is expressed in mitochondria. Worms with depleted abtm-1 had
morphogenetic defects and putative apoptotic events. Besides, worms with abtm-1 (RNAI)
showed accumulation of ferric iron and increased oxidative stress, indicating that abtm-1
contribute to establishing iron homeostasis (Gonzalez-Cabo et al. 2011). Mutation in
ABCBY7 gene (the ortholog of abmt-1 in human) can cause a rare inherited disorder, X-
linked sideroblastic anemia and ataxia (XLSA/A) (Pondarre et al. 2007), suggesting that
functional studies of abtm-1 in C. elegans could help us to understand the mechanism
underlying XLSA/A (Gonzalez-Cabo et al. 2011). Another half ABC transporter gene in
subfamily B, hmt-1, is expressed in coelomocytes, head neurons and intestinal cells,
conferring tolerance to multiple heavy metals (Schwartz et al. 2010). Considering that

ABCB6, hmt-1 ortholog of humans, is expressed in similar cell types that are also affected
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by heavy metals (Bressler et al. 2007), further studies of the hmt-1 in C. elegans can
contribute to the development for understanding heavy metal-caused diseases. A number
of full transporters in subfamily B, PGPs (PGP-1, PGP-2, PGP-3), are expressed within
intestinal cells, playing a role in gut granule biogenesis and protecting the animal against
dietary (Lincke et al. 1993; Schroeder et al. 2007). It is apparently an evolutionarily
conserved feature of these genes as PGPs are widely present in organs associated with
the digestive tract in mammals. In addition to the normal function of PGP subgroup, drug
resistance of C. elegans have also been shown to be related to this subgroup. Mutant with
deleted pgp-3 is sensitive to both colchicine and chloroquine (Broeks et al. 1995). Deletion
of either pgp-1 or pgp-3 in C. elegans shows fast killing of nematodes by phenazine toxin
secreted from the bacterial pathogen Pseudomonas aeruginosa (Mahajan-Miklos et al.
1999). Compared to wild-type, inactivation of pgp-2, pgp-5, pgp-6, pgp-7, pgp-12 and
pgp-13 lead to higher sensitivity of nematodes to ivermectin (IVM) (Ardelli and Prichard
2013). Other than PGP subgroup, subfamily B contains another subgroup, HAF, with half
ABC transporter genes. HAF-1, a mitochondria-localized ABC transporter, functions in
regulating the stress of unfolded protein within mitochondrial (Haynes et al. 2010).
Whereas another two genes in subfamily B, haf-4 and haf-9, are involved in the formation
of intestinal granule (Kawai et al. 2009). In addition to PGP subgroup, drug resistance
ability have also been examined in a number of MRP knockout C. elegans strains following
treatment with IVM and moxidectin (MOX). The results shows that strains with mrp-3 and
mrp-4 deletion are more sensitive to IVM, whereas the ones with mrp-6 and mrp-8 deletion
are affected more severe by MOX (Ardelli 2008), suggesting that MRPs are involved in
detoxification of IVM and MOX. In subfamily G, a half ABC transporter gene, wht-2,
inhibition of which can cause the delayed birefringent contents formation in intestine,

suggesting its essential role gut granule formation (Currie et al. 2007).

In addition to the role of export substrates, four non-transporters encoded by ABC
transporter genes in subfamily E and F are not related to transporting molecules. Instead,
abce-1 is involved in gene transcription and translation and abcf-1, abcf-2, abcf-3 are
generally regarded as forming ribosome associated proteins involved in regulation of
MRNA translation (Zhao et al. 2004b). Moreover, RNAI defects are observed in the
nematodes with defective ABC transporter genes as well. At least ten ABC transporter

genes from different subfamilies (i.e., haf-6, abt-1, pgp-4) reported in the C. elegans
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genome are required for efficient RNAi, which may help to explain evolutionary

conservation of this diverse group of genes (Sundaram et al. 2006; Sundaram et al. 2008).

1.4.2. ABC transporter genes in C. briggsae and C. remanei

Homology-based searches identified 58 and 59 ABC transporter genes in C.
briggsae and C. remanei, respectively (Zhao et al. 2007). The comparative analysis of
ABC transporter gene families among C. elegans, C. briggsae and C. remanei showed
that, 53 ABC transporter genes in C. elegans were found to have one-to-one orthologs in
C. briggsae and C. remanei, suggesting high conservation of ABC transporter genes in
these three closely related nematodes. Of the 53 ABC orthologous trios, 39 C. briggsae
and C. remanei ABC transporter genes cluster with each other, with the C. elegans ABC
gene as an outgroup, suggesting that C. briggsae and C. remanei ABC transporter genes
are more closely related to each other than to those of C. elegans. These 53 strongly
conserved ABC transporter genes belong to half ABC transporter genes in subfamily B,
subfamily C, subfamily D, subfamily E, subfamily F, subfamily G and subfamily H. Species-
specific expansions or loss of ABC transporter genes were rare and were seen primarily
in the subfamily A and full ABC transporter genes in subfamily B. Interestingly, 16 ABC
transporter genes form two four-gene clusters (pgp-12, pgp-13, pgp-14 and pgp-15; pgp-
5, pgp-6, pgp-7 and pgp-8) and four two-gene clusters(pgp-3 and pgp-4; mrp-1 and mrp-
2; abch-1 and abcx-1; pmp-1 and pmp-2 ), organized in tandem in the C. elegans genome,
the majority of which were also present within all three species, suggesting that they were
duplicated before speciation.

1.4.3. ABC transporter genes in P. redivivus

Another free-living nematode, P. redivivus (the “microworm”), has been used as a
model system considering its phylogenetic distance to C. elegans (Srinivasan et al. 2013).
By applying InterProScan for searching for ABC transporter genes, a much larger set of
94 putative ABC transporters were reported in P. redivivus compared to that in C. elegans.
52 of ABC transporter genes in C. elegans showed orthologous (not necessarily one to
one) relationship with those in P. redivivus, indicating that ABC transporter genes are

generally conserved among these two genomes. Interestingly, hmt-1-like and pgp-like
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ABC transporters functional in heavy metal tolerance and other toxins showed expansion
in P. redivivus, which might explain the higher level of copper tolerance reported in P.
reivivus than C. elegans. In conclusion, despite the general conservation, species-specific

ABC transporter genes reflect the diversity of ABC transporter during evolution.

1.4.4. ABC transporter genes in P. pacificus

Compared to other non-pathogenic nematodes, P. pacificus, known as a
necromenic species associated with beetles, is used as a model system in evolutionary
developmental biology (Sommer and McGaughran 2013). P. pacificus resembles C.
elegans in many traits, such as hermaphroditic propagation, but contains a substantially
larger genome (169 Mb) as well as more predicted genes (26000) (Dieterich et al. 2008)
than those of C. elegans (100Mb and 19735) (Hillier et al. 2005). Previous study in 2008
found a large number (129) of putative ABC transporter genes in P. pacificus through
KEGG pathway annotation. Thus, it was hypothesized that the relatively higher number of
ABC transporter genes in P. pacificus is consistent with its necromenic lifestyle and could
contribute to the preadaptation for parasitism of P. pacificus (Dieterich et al. 2008).
However, a recent study reported a much smaller number (65) of ABC transporter genes
in P. pacificus by the same group but different method (Pfam annotation) (Markov et al.
2015) and the authors did not explain the reason for such difference. ABC transporter
annotation in P. pacificus highlights the importance of high-quality annotation before any
meaningful conclusions can be drawn regarding the relevance of ABC transporter genes

in evolution.

1.45. ABC transporter genes in B. malayi

B. malayi is a human parasite that causes lymphatic filariasis or elephantiasis. It
has a relatively small genome (71Mb) (Ghedin et al. 2007) than C. elegans. PCR-based
cloning approach combined with genomic mining (TBLASTN and ExPASYy) identified 33
putative ABC transporter genes in B. malayi, 31 of which were divided into subfamilies
(Liu et al. 2011). The remaining two were classified as class 3, which was suggested to
function in DNA repair (Ardelli et al. 2010). The low number of ABC transporter genes in

B. malayi is partly due to the many gaps in draft genome. For instance, seven of the 33
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putative ABC transporter genes contained TMD but lacked ABC domain. Functional
analysis showed that a significant increase in the transcriptional profiles of a number of
ABC transporter genes mostly within the PGP and MRP subgroups was observed when
the worms were exposed to IVM, suggesting that PGPs and MRPs play a role in drug
resistance in B. malayi (Tompkins et al. 2011). In addition to subfamily B and C, members
in subfamily A and G may also have a role in resistance, based on their overexpression
following treatment with IVM and MOX (Stitt et al. 2011; Tompkins et al. 2011), suggesting

that the majority of ABC transporters in B. malayi are important in drug resistance.

1.4.6. ABC transporter genes in H. contortus

H. contortus, known as the barber's pole worm, is one of the most pathogenic
nematodes of ruminants (Gilleard 2006). 46 ABC transporter genes were identified in H.
contortus, assigned into mammalian subfamilies except for subfamily E (Laing et al. 2013).
According to previous analysis, there were some differences in ABC transporter genes in
H. contortus and those in C. elegans. Significant expansion of ced-7 was found in H.
contortus when compared to C. elegans. A reduced complement of HAF subgroup were
found in the parasite. A cluster of four C. elegans genes, pgp-5, pgp-6, pgp-7 and pgp-8,
did not have orthologs in H. contortus.

Most of the functional studies of ABC transporters in H. contortus have focused on
the relationship between anthelmintics sensitivity and the expression of PGP subgroup
(Molento and Prichard 1999; Sangster et al. 1999; Kerboeuf et al. 2002; Blackhall et al.
2008; Bartley et al. 2009; Bartley et al. 2012), suggesting that PGP subgroup share a
conserved function in drug resistance and can be involved in the detoxification of host

products.

1.4.7. ABC transporter genes in B. xylophilus

Pine wilt disease (PWD) destroys pine forests in many Asian and European
countries (Futai 2013; Shinya et al. 2013). PWD was first reported in 1905 in Japan and
in 1971, the nematode B. xylophilus (known as pinewood nematode, PWN) was identified

to be the causing pathogen (Mamiya 1988). Although PWN was first identified in Japan,
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its origin has been traced to North America including Canada and the USA (Nickle et al.
1981). In the 1980s, the pathogen was found to spread to East Asian regions including
Hong Kong, mainland China, Taiwan, and Korea (Futai 2013). It was recently found
causing PWD in Portugal in 1999, and in Spain in 2008, suggesting that PWN is quickly
spreading worldwide to harm more pine trees (Futai 2013; Shinya et al. 2013). The
mechanisms underlying the pathogenicity of PWN remain unknown. Recent whole
genome sequencing and InterProScan analysis of PWN suggested that the PWN genome
harbors an unusually large family (106) of the ATP-binding cassette (ABC) transporter
genes (Kikuchi et al. 2011). Because ABC transporter genes have been implicated in
detoxification (Ardelli 2013), it has been hypothesized that the highly expanded family of
ABC transporter genes facilitate the invasion and pathogenicity of PWN (Kikuchi et al.
2011).

1.5. Thesis aim and organization

Since ABC transporters are involved in diverse biological processes in different
living organisms, identification and comparative analysis of ABC transporter genes can
give us a clue of how these genes evolve. Although ABC superfamily is generally
conserved, gene loss and gain did happen all the time, making ABC transporter gene set
varied from species to species. As mentioned above, different numbers of ABC transporter
genes have been reported in different nematode genomes (Ardelli 2013), indicating that
the sizes of ABC transporter gene family are dynamic in evolution and ABC transporter
genes may be important for organisms to adapt and survive in evolution. Such changes in
the ABC transporter gene family do not simply reflect the differences of genome sizes. For
example, the barber's pole worm H. contortus, which has a much larger genome (370
Mb) than most other nematodes, harbors only 46 ABC transporter genes (Laing et al.
2013), while the free-living nematode P. redivivus, which has a small genome, was
identified to possess 94 ABC transporter genes (Srinivasan et al. 2013). Thus, these
differences in the ABC transporter gene family in different nematode species may reflect

their differential functional contribution to the physiology and survival.

However, some of these reported differences, however, could be the result of trivial

technical reasons such as incomplete genome sequencing, problematic genome
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assembly, and mis-annotation. Indeed, genome assembly of various nematode genomes
have different quality, which may be responsible for some of the reported differences of
the sizes of ABC transporter gene family. Some genomes, such as the model organism
Caenorhabditis elegans genome, have been fully or nearly fully sequenced, others may
contain extensive gaps that could harbor ABC transporter genes. Additionally, the quality
of genome annotation can also cause differences. For example, for genome assembly
that contains large numbers of small contigs, ABC transporter genes could be truncated
into multiple fragments, which could lead to inflated ABC transporter gene family sizes.
Furthermore, different methods were applied to annotate gene models and to define ABC
transporter gene families in different studies, which could contribute to the differences
observed in ABC gene family of these nematode genomes (Sheps et al. 2004; Zhao et al.
2007; Dieterich et al. 2008; Kikuchi et al. 2011; Liu et al. 2011; Laing et al. 2013; Srinivasan
et al. 2013). Therefore, a high-quality annotation is essential before any meaningful
conclusions can be drawn regarding the relevance of ABC transporter genes in evolution.

The rest of the thesis is organized as follows. In Chapter 2, we will provide a
detailed description how we developed our bioinformatics pipeline for annotating ABC
transporter genes in nematode genomes and what results we obtained after testing the
pipeline to Bursaphelenchus genomes. In Chapter 3, we will review the main results after
applying our annotation pipeline to each selected nematode genomes as well as the high-
guality ABC transporter genes that we finally obtained. Then, the result of comparative
analysis among high-quality ABC transporter genes in all 29 nematode genomes will be
introduced in Chapter 4, mainly focusing on some highly conserved ABC transporter
genes as well as some species specific ABC transporter genes. Finally, we will conclude

the thesis and propose the future directions in Chapter 5.
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Chapter 2. Developing bioinformatics pipeline for
annotating ABC transporter genes

2.1. Introduction

To address technical issues and obtain high-quality annotation of ABC transporter
genes, in this study, a bioinformatics pipeline will be developed and applied to uniformly
annotate ABC transporter genes in selected nematode genomes to ensure that the
annotation results are robust and the comparison is meaningful. Additionally, for each
candidate ABC transporter gene, the completeness of the gene model will be examined

and revised by applying a homology-based gene finding program.

In this study, considering that the C. elegans genome has been completed
sequenced and assembled without any gaps (Consortium 1998) and ABC transporter
genes in C. elegans have been well annotated (Sheps et al. 2004), the model organism
C. elegans was used as a test case to develop a ABC transporter gene annotation
pipeline. The pipeline will be further tested by using it to search for ABC transporter genes
in the genome of the pinewood nematode, B. xylophilus, which has recently be sequenced
and was characterized to harbor an unusually large number of ABC transporter genes
(Kikuchi et al. 2011). The tested pipeline will be used to annotate ABC transporter genes

in set of sequenced nematode genomes, which will be described in Chapter 3.

2.2. Developing an ABC transporter gene annotation
pipeline using C. elegans as a test case

2.2.1. Background: ABC transporter genes in C. elegans have been
annotated

The model organism C. elegans was the first animal whose genome was subjected
to whole genome sequencing (Consortium 1998) and is the currently completely
sequenced and assembled (Hillier et al. 2005). The ABC transporter genes in C. elegans

were identified through similarity searches using FASTA search using initial query
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sequences that were those of known C. elegans ABC proteins (for example, PGP-1). Only
those with highly significant matches to annotated ABC protein in the sequence database
were retained. After that, representative members of different ABC transporter subfamilies
were used as query sequences to search the updated WormPep8L1 file using BLAST.
Initially, 60 ABC transporter genes were found and classified into eight ABC transporter
taxonomy on the basis of amino acid sequence and domain organization (Sheps et al.
2004). Later on, with the release of the genome sequences of both C. briggsae (Stein et
al. 2003) and C. remanei (http://genome.wustl.edu), PFAM and homology-based analysis
enabled researchers to identify 58 and 59 ABC transporter genes in the genomes of C.
briggsae and C. remanei, respectively (Zhao et al. 2007). Despite some patterns of
divergence among ABC transporter genes in the three nematode species, frequent one-
to-one orthology was apparent.

2.2.2. Molecular features of ABC transporter genes in C. elegans

In C. elegans, there are 61 annotated ABC transporter genes so far and they are
divided into eight subfamilies (A-H). Among these 61 genes, three (F55G11.9, F22E10.4
and Y49E10.9) of them are confirmed to be pseudogenes and do not have corresponding
protein sequences in WormBase (http://www.wormbase.org/species/c_elegans/gene/).
F56F4.6 is truncated with a short protein length (252 aa), which could be a pseudogene
as well (Sheps et al. 2004). To focus on the functional ABC transporter genes, we
excluded it from our further analysis. In addition to F56F4.6, C56E6.1 in subfamily H was
also excluded from our analysis since it does not contain any putative ABC domain. In
total, 56 ABC transporter genes were used in this analysis, including 25 half transporters,
27 full transporters and four non-transporters that do not contain TMD (Table 2.1).

23



Table 2.1: Subfamily information of ABC transporter genes in C. elegans.
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To annotate high-quality ABC transporter genes, it is important to evaluate the key
molecular features of a candidate gene by comparing these features with those of its
ortholog in C. elegans, assuming that key molecular features of orthologs remain similar.
The first molecular feature to consider is the number of ABC domains contained in an ABC
transporter gene. The second molecular feature is the length of ABC domain, which should
correspond to the range of lengths of ABC domains in C. elegans. We analyzed 87 ABC
domains contained in the 56 annotated ABC transporter proteins in C. elegans. The
lengths of these C. elegans ABC domains range from 125 aa to 165 aa (Figure 2.1).We
also examined the InterProScan e-value of ABC domain in annotated C. elegans ABC
transporter, which ranged from 2.40 x 10%° to 1.70 x 103°(Figure 2.2). The fourth
molecular feature is the number of TM helices within each TM domain. We applied
SCAMPI (http://scampi.cbr.su.se/) to predict the TM helices within each ABC transporter
gene. In terms of half transporter, TM helices, of which the number ranged from four to
11, formed one cluster whereas the TM helix number of full ABC transporters ranged from

eight to 17, usually formed two clusters (Figure 2.3).
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Length distribution of ABC domains in C. elegans
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Figure 2.1: ABC domain length distribution in C. elegans ABC transporter
proteins

ABC domain sequences of 56 ABC transporter proteins in C. elegans were extracted to draw the

ABC domain length distribution.
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Figure 2.2: ABC domain InterProScan e-value distribution in C. elegans ABC
transporter proteins

InterProscan e-value for each ABC domain of 56 ABC transporter proteins in C. elegans were

extracted to draw the ABC domain InterProScan e-value distribution
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TM helix result of ABC transporter protein in C. elegans
predicted by SCAMPI
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Figure 2.3:  Distribution of TM helix number in ABC transporters in C. elegans
The number of TM helices within each ABC transporters in C. elegans were predicted by
SCAMPI

2.2.3. Developing a bioinformatics pipeline for searching for ABC
transporter genes in C. elegans

Because the ABC domain is shared by all ABC transporter genes in C. elegans, to
develop a simple but effective bioinformatics pipeline (Figure 2.4) for searching for ABC
transporter genes, we first tried to search for ABC transporter genes in C. elegans genome
by searching for the presence of the ABC domain in C. elegans proteins using
InterProScan. After removing the redundant isoforms of the same gene, we got 56 ABC
transporter genes, which were exactly the curated ones without any false positive or false
negative. ABC transporter related molecular features in C. elegans are listed in Table 2.1.
The analysis of annotated ABC transporter genes in C. elegans suggested that
InterProScan-based method can allow us to identify all ABC transporter genes if the

genome is fully assembled and well annotated without any contamination.
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Figure 2.4:  Bioinformatics pipeline for searching for ABC transporter genein C.
elegans genome
Table 2.2: List of ABC transporter related molecular features in C. elegans
Gene Domain organization ABC domain | ABC domain | ABC domain | ABC domain
length e-value length e-value

Y39D8C.1 6TM-ABC-8TM-ABC 142 1.60E-27 144 5.20E-20
C48B4.4d 7TM-ABC-7TM-ABC 136 4.70E-19 144 1.40E-26
F12B6.1a 9TM-ABC-7TM-ABC 147 1.30E-24 144 2.40E-30
Y53C10A.9 7TM-ABC-7TM-ABC 145 7.30E-27 137 1.10E-22
C24F3.5a 6TM-ABC-6TM-ABC 133 2.10E-15

C30H6.6 6TM-ABC 153 2.50E-34

Y48G8AL.11a | 6TM-ABC 150 2.10E-33

F57A10.3 6TM-ABC 149 6.70E-37

Y50E8A.16 9TM-ABC 150 9.60E-37

ZK484.2a 9TM-ABC 150 2.20E-32

WO09D6.6 9TM-ABC 149 5.00E-34

FA3E2.4 8TM-ABC 150 3.30E-33

W04C9.1a 9TM-ABC 149 1.60E-32

Y57G11C.1 6TM-ABC 149 6.70E-37

Y74C10AR.3a | 7TM-ABC 150 1.60E-30

F22E10.2 6TM-ABC-6TM-ABC 150 2.70E-34 149 5.40E-31
FA2E11.1a 6TM-ABC-5TM-ABC 150 1.60E-34 150 1.00E-33
C47A10.1 6TM-ABC-6TM-ABC 152 4.30E-38 150 8.50E-36
T21E8.3 5TM-ABC-3TM-ABC 150 1.60E-36 151 2.70E-33
T21E8.1a 6TM-ABC-6TM-ABC 150 2.00E-34 151 6.30E-35
DH11.3 6TM-ABC-5TM-ABC 148 7.40E-35 149 2.10E-34
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ZK455.7 6TM-ABC-5TM-ABC 150 8.90E-34 150 1.80E-32
C54D1.1 6TM-ABC-7TM-ABC 150 8.70E-35 152 6.20E-30
C34G6.4 7TM-ABC-6TM-ABC 150 5.00E-37 151 4.60E-33
F22E10.1 6TM-ABC-5TM-ABC 150 1.00E-33 149 4.20E-32
KO8E7.9 6TM-ABC-6TM-ABC 150 1.40E-36 152 5.20E-35
F22E10.3 6TM-ABC-6TM-ABC 149 5.30E-30 150 9.00E-34
T21E8.2 6TM-ABC-5TM-ABC 151 3.40E-35 150 2.00E-34
C05A9.1a 6TM-ABC-6TM-ABC 151 1.80E-33 150 9.30E-36
C18C4.2 6TM-ABC-8TM-ABC 134 2.40E-10 146 1.30E-15
F20B6.3 7TM-ABC-6TM-ABC 134 9.60E-19 148 3.20E-30
F21G4.2 11TM-ABC-6TM-ABC | 135 4.00E-22 148 2.60E-27
F14F4.3b 8TM-ABC-6TM-ABC 130 3.10E-18 149 4.80E-30
F57C12.5b 10TM-ABC-5TM-ABC | 135 9.30E-23 148 7.00E-27
E03G2.2 11TM-ABC-6TM-ABC | 149 2.80E-25 134 9.60E-15
F57C12.4 11TM-ABC-5TM-ABC | 148 3.90E-28 135 4.00E-25
Y75B8A.26 10TM-ABC-7TM-ABC | 135 4.10E-19 149 1.30E-28
Y43F8C.12 11TM-ABC-5TM-ABC | 135 2.90E-18 149 7.30E-28
C44B7.8 4TM-ABC 143 7.40E-18
C44B7.9 5TM-ABC 143 9.50E-18
T02D1.5 6TM-ABC 144 2.60E-18
C54G10.3b 7TM-ABC 145 7.20E-20
T10H9.5b 6TM-ABC 144 4.30E-15
Y39E4B.1 ABC-ABC 143 5.80E-20
F42A10.1 ABC-ABC 164 1.30E-20
F18E2.2 ABC-ABC 161 2.90E-22
T27E9.7 ABC-ABC 156 2.20E-23
C16C10.12 ABC-5TM 152 1.50E-20
F19B6.4 ABC-6TM 153 2.80E-23
Y42G9A.6a ABC-5TM 146 6.00E-25
T26A5.1 ABC-6TM 151 1.00E-22
C05D10.3 ABC-6TM 156 5.60E-23
Y47D3A.11 ABC-6TM 153 9.10E-21
C10C6.5 ABC-6TM 151 1.30E-21
FO2E11.1 ABC-5TM 138 4.30E-19
C56EG6.5 ABC-7TM 147 6.70E-12
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2.3. Searching for ABC transporter genes in B. xylophilus

2.3.1. Introduction

Pine wilt disease caused by B. xylophilus is quickly spreading worldwide to harm
more pine trees (Futai 2013; Shinya et al. 2013). An unusually large family of ABC
transporter genes were identified in previous study and were proposed to facilitate the
invasion and pathogenicity of PWN (Kikuchi et al. 2011). In this study, we aimed to further
test the bioinformatics pipeline for annotating ABC transporter genes by annotating ABC
transporter genes in in a newly sequenced genome of a B. xylophylus strain that was
isolated in China (Zhejiang Province, BXCN). We also would like to compare the number
of ABC transporter genes in this strain against the number of ABC transporter gene
candidates in the B. xylophylus strain (BxJP) reported recently (Kikuchi et al. 2011).

2.3.2. Searching for ABC transporter genes in BXCN

Applying the above bioinformatics pipeline, we found 60 protein-coding genes in
BXCN encoded at least one ABC domain and we took these 60 genes as ABC transporter

candidates.

2.3.3. Genomic contamination detection and filtration

Genomic contamination could be introduced during sample collection or
sequencing. It is particularly common to observe bacterial genomic contamination of
eukaryotic samples. In this case, because B. xylophilus worms were fed with fungi (Kikuchi
et al. 2011), it is likely that the genome sequences were contaminated with fungal DNA
sequences as well. In order to detect and filter contamination, protein sequence of each
ABC transporter candidate was used as query to run TBLASTN against NCBI Nucleotide
Collection database. If the best hit was a species of bacteria or fungi, suggesting that the
corresponding query was obtained from contamination and then the query was filtered
out. Based on our TBLASTN result, all our 60 candidate ABC transporter genes were

retained.
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2.3.4. Annotation and quality assessment

We classified 60 ABC transporter gene candidates in BXCN based on their
homology to annotated ABC transporter genes in C. elegans. The quality of each ABC
transporter candidate was then evaluated by examining key attributes of ABC domain,
including the number of ABC domains they possess, the length of each ABC domain, and
the e-value of the InterProScan result. Based on the key attributes of annotated ABC
transporter proteins in C. elegans mentioned in section 2.2.2, we defined a high-quality
ABC transporter as one that has (1) appropriate number of ABC domains; (2) the length
of each ABC domain should be longer than 130 aa and shorter than 165 aa; and (3) The
InterProScan e-value of predicted ABC domain should be better than (i.e., lower than) 1.0
x 10710,

After applying these three criteria to each candidate gene, we found 43 ABC
transporter candidate satisfying all criteria, which were called high-quality ABC transporter
genes. For the 17 candidates that did not satisfy the criteria, we next examined the nature
of the defects and whether it was possible to improve their gene models (Table 2.3).

Table 2.3: Improvement of defective ABC gene models based on InterProScan
searches
ID Improved or not | ID after improvement | Notes
BxCN09178 | Yes BxCN09178
BxCN10724 | Yes BxCN10724 Merged with BXxCN10725
BxCN10725 | Yes
BxCN12661 | Yes BxCN12661
BxCN13281 | Yes BxCN13281
BxCN14853 | Yes BxCN14853a Split into two genes
BxCN14853b
BxCN16314 | Yes BxCN16314 Merged with BXCN16315
BxCN16315 | Yes
BxCN13779 | Yes BxCN13779
BxCN08056 | No BxCN08056 Keep the original model
BxCN04424 | No
BxCN12000 | No
BxCN13603 | No
BxCN14290 | No
BxCN14292 | No
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2.3.5. Improvement of defective gene models

We attempted to improve all defective gene models. For each defective candidate,
its ortholog in C. elegans was used as query to run the homology-based gene finder
genBlastG (She et al. 2011) against the BXCN genomic sequences to define a potential
full-length high-quality ABC transporter gene. The new gene model generated by
genBlastG was then examined to check whether it now satisfies the same set of criteria
described above (section 2.2.4). Through this effort, we successfully constructed eight
new high-quality ABC transporter gene models, among which two gene models were the
result of splitting one candidate ABC gene model (BXCN14853) (Figure 2.5), four gene
models were the result of merging two separate pairs of neighboring gene models (Figure
2.6, Figure 2.7 and Figure 2.8), and two gene models were improved without affecting
neighboring gene models (Figure 2.9). Among those eight newly constructed ABC
transporter gene models, the revisions of six were supported by RNA-seq data in BXCN.
Revisions in the remaining two ABC gene models that were not directly supported by RNA-
seq data in BXCN. However, they were supported by RNA-seq data of their orthologs in
BXxCA (a B. xylophilus strain isolated in Canada) (Figure 2.7 and Figure 2.8). For all
improved gene models and the original gene model before improvement, their gene
structures, location of ABC domains as well as three motifs within each domain were

displayed in Figure 2.10.
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Figure 2.5: A representative case in which a candidate ABC gene model was be
split into two separate ABC gene models.
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. Based on the ortholog in C. elegans, BXCN14853 should
be split into two new gene models, each of which is a half ABC transporter gene with a single
ABC domain. No RNA-seq support the hypothetical intron between these two gene models,
further suggesting that these are two separate gene models. BXCN14853a had two sequencing
gap in its genomic region, but considering it has a high-quality ABC domain, we kept this gene
model into our final set.
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Figure 2.6: Two representative cases in which multiple adjacent candidate

genes were merged to form a high-quality ABC transporter gene.
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq’
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. Both of the improved gene was annotated as a full ABC
transporter genes in subfamily B. BXxCN10725 and BXCN10724 were merged into a high-quality
ABC transporter gene, annotated as a full ABC transporter gene in subfamily B based on
genBlastG revision. Similarly, BXxCN16313, BXCN16314 and BXCN16315 were merged into a full
transporter gene in subfamily B. RNA-seq data supports the hypothetical introns, further
suggesting that these are two separate gene models
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Figure 2.7: A representative case in which one candidate ABC gene model was

merged with its neighboring gene model to form a larger gene model
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. BXCN12661 and BxCN12660 should be merged into one
new gene model, which is a full ABC transporter with two ABC domains in subfamily A. Although
there is no RNA-seq support to one hypothetical intron in the junction region but its ortholog in
BxCA, BXxCA14980, has its intron supported by RNA-seq, suggesting that BxCN12661 and
BxCN12660 should be merged.
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Figure 2.8: A representative case in which one candidate ABC gene model was
merged with its neighboring gene model to form a larger gene
model.

“Gene model” track includes original gene annotation; “ABC revised gene model” track includes

gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”

track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. BXCN13779 and BxCN13780 should be merged into one
new gene model, which is a full ABC transporter with two ABC domains in subfamily B. Although,
there is no RNA-seq support to one hypothetical intron in the junction region but its ortholog in

BXxCA, BXxCA13440, has almost its intron supported by RNA-seq, suggesting that BXCN13779

and BxCN13780 should be merged.
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Figure 2.9: Two cases in which the exons of one candidate gene model were
improved.

“Gene model” track includes original gene annotation; “ABC revised gene model” track includes

gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq’

track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-

quality ABC transporter gene models. Both of the newly constructed gene model has RNA-seq

data supported.
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Figure 2.10: Gene structure, ABC domain and motifs within ABC domain before
and after improvement in BXCN

Yellow highlighted region represents for ABC domains; Green highlighted region represents for

Walker A; Red highlighted region represents for Signature C; Blue highlighted region represents

for Walker B. Compared to original gene models, all eight newly constructed ABC gene models

contain proper ABC domain (s) and motifs within each ABC domain.

Despite much effort, eight gene models could not be improved to satisfy all criteria.
Two of them, BXCN04424 and BxCN12000, had unfavorable InterProScan e-values (5.20
x 10 and 1.50 x 10%), very short ABC domain lengths (33 aa and 31aa), and missed
motifs in their ABC domains (BXCN04424 only had Walker A motif and BXCN12000 only
had Walker B motif). Thus, they were most likely pseudogenes. The third candidate,
BxCN13603, showed high similarity only to a small portion of its neighboring gene
BxCN13602 (a high-quality ABC transporter gene), likely due to a partial duplication, or a
genome assembly error. Additionally, the orthologs of BXCN13603 in BxJP (BxJP11047),
BxCA (BxCA17905), BmCN (BmCN15800) all had defects: BmCN15800 was located in
genomic regions with stretches of Ns and had one domain with a length of 88 aa.
BxCA17905 had one domain and was located in a short contig and BxJP11047 had one
ABC domain with short length of 55 aa. Therefore, BXCN13603 is more likely to be a
deteriorating pseudogene. Two candidates BXCN14290 and BxCN14292 were located in
genomic regions in BXCN with stretches of Ns, suggesting that these two genomic regions
were badly sequenced and assembled. The ortholog of BxCN14290 in BXCA,
BxCA12681, was a high-quality ABC transporter gene that satisfied all three criteria
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described above, suggesting that BXCN might also have a high-quality ABC transporter
gene model in this genomic region. In contrast, BXCN14292 might be pseudogene
because none of its ortholog in BxJP and BXCA was high-quality ABC transporter gene
models, and its ortholog in BmCN was not found. The sixth gene model BXCN08056 could
not be further improved. However, the only criterion it did not meet was the length of one
of its predicted ABC domains, which was 124 aa, slightly shorter than the lower threshold
of 130 aa described above. Nevertheless, this ABC domain does contain all three motifs
(Figure 2.11), suggesting that BXxCN08056 was a high-quality ABC transporter gene. Thus
we included it in the high-quality ABC transporter gene set.

ok 0.k 6.2k 0.3k 0.4k 0.8 0.6k 0.7k 0.8k 0.9k ik 4.k 1.5k 1.k 1.4k 1.5 1.6k 4.0k 4.8k 1.9k 2k 2.k 2.2k
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Figure 2.11: Gene structure, ABC domain and motifs within BXCN08056

Yellow highlighted region represents for ABC domains; Green highlighted region represents for
Walker A; Red highlighted region represents for Signature C; Blue highlighted region represents
for Walker B. BXCN0O8056 annotated as an ABC transporter gene in subfamily E with one of its
ABC domain slightly shorter than our criterion. Considering that both ABC domains within
BxCNO08056 contained all three motifs, we included this gene in our final set.

Two defective candidate genes, BXCN14848 and BxCN14849, had much longer
domain length (191 aa, 182 aa) than the upper limit of 165 aa, which is the longest length
of ABC domains in ABC transporter in C. elegans. Almost all introns of the BxCN14848
gene model were supported by RNA-seq data (Figure 2.12). Although not all introns in
BxCN14849 were supported by RNA-seq data, all introns of its ortholog in BxCA
(BxCA15805), which also had longer domain length (182 aa) as well, were supported by
RNA-seq data (Figure 2.13), suggesting that the BXCN14849 gene model is of high-
guality. In addition, ABC domains in both BXCN14848 and BxCN14849 contain all three
key motifs (Figure 2.14). Thus, we included BXCN14848 and BxCN14849 in our final set
of ABC transporter genes in BXCN.
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Figure 2.12: Original gene model of BXCN14848 was supported by RNA-seq data
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. BXCN14848, annotated as a half ABC transporter in
subfamily B had a longer ABC domain (191 aa) than our criterion. However, compared to the
revised gene model, the original gene model had almost its intron supported by RNA-seq data.
So, we included the original gene model of BXCN14848 in our final set.
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Figure 2.13: Original gene model of BXCN14849 was indirectly supported by its
ortholog in BXCA
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq’
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. BXCN14849, annotated as a half ABC transporter in
subfamily B had a longer ABC domain (182 aa) than our criterion. RNA-seq data for this region
was not sufficient. However, the ortholog of BXCN14849 in BXCA, BXCA15805, had all its intron
supported, indirectly supporting the original model of BXxCN14849. So, we included the original
gene model of BXCN14849 in our final set.
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Figure 2.14: Gene structure, ABC domain and motifs within BXCN14848 and
BxCN14849

Yellow highlighted region represents for ABC domains; Green highlighted region represents for

Walker A; Red highlighted region represents for Signature C; Blue highlighted region represents

for Walker B. The original gene model of BXCN14848 and BXCN14849 both had three motifs

within ABC domain.
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In summary, of the eight defective candidate ABC gene models, three
(BXCNO8056, BxCN14848 and BxCN14849) were included in the high-quality ABC
transporter gene set. These gene models are more diversified from C. elegans ABC
transporter genes. The status of one gene (BXCN14290) could not be determined because
its defect was due to sequencing or assembly errors. The remaining four candidate gene
models (BXCN04424, BxCN12000, BxCN14292 and BxCN13603) were most likely

pseudogenes.

In total, we have annotated 54 high-quality ABC candidates in BXCN. We expect
that BXCN could have 55 high-quality candidate ABC genes when the genome is fully
sequenced and assembled.

2.3.6. Evaluating the completeness of the high-quality ABC
transporter gene set

Although we have found all ABC transporter genes in the BXCN genome that
contain ABC domain (i.e., PFO0005 domain), ABC transporter gene models that had
defective annotated ABC domains could be missed in the search. To ensure that we had
identified all ABC transporter genes in BXCN, we further searched the BXCN protein
dataset using BLASTP with all C. elegans ABC transporters as queries. All hits with e-
value was less than or equal to 102° were compared to the set of ABC transporter genes
obtained through InterProScan search. Seven additional ABC transporter gene
candidates (BxCNO04601, BxCN06788, BxCN11336, BxCN12660, BxCN13780,
BxCN14815 and BxCN16313) were found by the BLASTP search. Among those seven
genes, three (BXCN12660, BXCN13780 and BxCN16313) had already been used to
merge with adjacent ABC transporter genes to form high-quality ABC transporter genes
(Figure 2.6, Figure 2.7 and Figure 2.8).

From the four candidates, two new high-quality ABC transporter gene models were
formed by merging two separate pairs of neighboring gene models (BxCN06787 and
BxCNO06788, BXCN11336 and BxCN11337) (Figure 2.15 and Figure 2.16). Two genes
BxCN14815 and BxCN04601 did not have any ABC transporter related Pfam domains
and the length of predicted proteins (127 aa and 166 aa) were too short to be ABC
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transporter genes, suggesting that BxCN14815 and BXCN04601 were false positives from
BLASTP search (Figure 2.17).
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Figure 2.15: A representative case in which one candidate ABC gene model was

merged with its neighboring gene model to form a larger gene model
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. Yellow highlighted region represents for ABC domains;
Green highlighted region represents for Walker A; Red highlighted region represents for
Signature C; Blue highlighted region represents for Walker B. BXCN06788 was obtained from
BLAST searches. After improvement, BXxCN06787 and BXCN06788 were merged with each other
and the newly constructed gene was annotated as a complete half ABC transporter in subfamily
G.
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Figure 2.16: A representative case in which one candidate ABC gene model
needed to be merged with its neighboring gene model
“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq’
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. Yellow highlighted region represents for ABC domains;
Green highlighted region represents for Walker A; Red highlighted region represents for
Signature C; Blue highlighted region represents for Walker B. BXCN11336 was obtained from
BLAST searches. After improvement, we found the newly constructed gene model using
BxCA11887 (ortholog in BXCA) was supported better than that using Y39D8C.1 (ortholog in C.
elegans). Based on the prediction, BXxCN06787 and BXCN06788 were merged with each other
and the newly constructed gene was annotated as a full ABC transporter in subfamily A.
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Figure 2.17: Two representative false positive cases in BXCN

“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; Two candidates, BXxCN14815 and BxCN04601,
did not have any ABC transporter related Pfam domains even after improvement and the length
of predicted proteins (127 aa and 166 aa) were too short to be ABC transporter genes,
suggesting that BXxCN14815 and BXCN04601 were false positives from BLASTP searches

In summary, through BLAST searches and genBlastG improvement, two gene
models in the high-quality ABC transporter gene set BXCN11337 and BXCN06787 were
replaced by two newly constructed gene models, without changing the total number of
high-quality ABC transporter genes in BXCN. Therefore, we confirmed that all the potential
ABC transporter genes were identified and examined in the genome of BXCN.

2.3.7.  Evaluating the completeness of each ABC transporter gene

To evaluate whether the 54 high-quality ABC transporter genes are full-length
genes, the number of TM helices were also examined. For candidates that did not have

the appropriate number of TM helices (full transporters from 10 to 17 and half transporters
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from four to 11), we tried to improve their gene models. However, we did not apply it as a
judgement to exclude any candidates whose final number of TM helices was outside of
the range. Among 54 high-quality ABC transporter genes, 52 of them had appropriate
number of TM helices within TM domain (s) indicating that most ABC transporter genes in
BXCN were complete after our examination and improvement. Two of them (BXCN14849
and BxCN14853a) had zero and three TM helices respectively, which were less than our
criteria and these two gene models could not be further improved. We propose that a
BXCN ABC transporter gene is likely full-length if it encodes a protein with similar length
to its ortholog in C. elegans and with similar Pfam domains. Overall, the distributions of
protein length between ABC transporters in BXCN and C. elegans are similar (Figure
2.18), suggesting that our ABC transporter gene set in BXCN had a good quality. More
ABC transporter genes in BXCN contain a small number of introns when compared to
those in BXCN (Figure 2.19), indicating the species specific gene attributes which may
reflect the diversity of evolution between those two species. In the Pfam domain analysis,
50 of these 54 ABC transporter genes in BXCN shared the same Pfam domain with their
orthologs (Table 2.5). Among four ABC transporter genes in BXCN that did not share the
same Pfam domain with their ortholog, three of them (BxCN14848, BxCN14849,
BxCN14853a) show shorter length (677 aa, 604 aa, 573 aa) than their C. elegans ortholog
(801 aa). In particular, BXCN14853a contained gaps in the genomic region, indicating it
was incomplete. The only member of subfamily H in BXCN, BXCN04600, had an additional
Pfam domain, PF00089, compared to its ortholog C56E6.5 in C. elegans. Thus
BxCNO04600 was likely a full-length ABC transporter gene with an extra Pfam domain. In
addition, 48 of 54 ABC transporter genes in BXCN had both proper start codon and stop
codon (Table 2.5).
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Table 2.4:

TM information of final set of ABC transporter genes in BXCN

Class ID Domain organization Class ID Domain
organization
A BxCN11337 | 6TM-ABC-8TM-ABC | B BXxCNO1157 4TM-ABC
BxCN11459 | 6TM-ABC-8TM-ABC | (Half BxCN03385 5TM-ABC
BXCN12661 | 10TM-ABC-G6TM-ABC | "anSPOten e oNoss20 9TM-ABC
BxCN14341 | 5TM-ABC-6TM-ABC BXCN05567 8TM-ABC
BxCN14342 | 5TM-ABC-8TM-ABC BxCN12619 11TM-ABC
BxCN14343 | 7TM-ABC-7TM-ABC BXxCN14229 11TM-ABC
B BXCN02239 | 6TM-ABC-6TM-ABC BXxCN14796 5TM-ABC
(Full BXCN08640 6TM-ABC-6TM-ABC BXCN14811 8TM-ABC
transporter) e N08790 | 6TNI-ABC-5TNI-ABC BXCN14816 5TM-ABC
BXCN09171 | 6TM-ABC-5TM-ABC BxCN14818 10TM-ABC
BxCN10724 | 6TM-ABC-6TM-ABC BxCN14820 9TM-ABC
BXCN13361 | 6TM-ABC-6TM-ABC BxCN14847 6TM-ABC
BxCN13602 | 6TM-ABC-6TM-ABC BxCN14848 5TM-ABC
BxCN13777 | 5TM-ABC-5TM-ABC BxCN14849 0TM-ABC
BxCN13779 | 6TM-ABC-5TM-ABC BXCN14852 6TM-ABC
BxCN16314 | 6TM-ABC-6TM-ABC BxCN14853a | 3TM-ABC
c BXCN02679 | 7TM-ABC-6TM-ABC BxCN14853b | 4TM-ABC
BxCNO7404 | 8TM-ABC-6TM-ABC BxCN14854 5TM-ABC
BXCN09034 | 10TM-ABC-7TM-ABC BXxCN15675 6TM-ABC
BxCN11889 | 10TM-ABC-7TM-ABC BXCN15852 9TM-ABC
BxCN13281 | 11TM-ABC-5TM-ABC | G BXxCN00285 ABC-6TM
D BxCN05517 | 4TM-ABC BXxCNO01094 ABC-6TM
BXCN13607 | 6TM-ABC BXxCN02410 ABC-6TM
BXCN08056 | ABC-ABC BXCNO04425 ABC-6TM
BxCN02823 | ABC-ABC BxCN06787 ABC-5TM
BXCNO7831 | ABC-ABC BxCN13610 ABC-7TM
BxCN09178 | ABC-ABC H BxCN04600 ABC-7TM
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Protein length distribution of ABC transporters in BxCN
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Figure 2.18: Protein length distribution of ABC transporters in BXCN and C.
elegans

Protein length for each high-quality ABC transporter in BXCN and in C. elegans was obtained to

draw the protein length distribution of ABC transporter
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Intron number distribution of ABC transporter genes in BxCN
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Figure 2.19: Intron number distribution of ABC transporters in BXCN and C.

elegans
The number of intron for each high-quality ABC transporter in BXCN and in C. elegans was
obtained to draw the intron number distribution of ABC transporter
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Table 2.5:;

Additional characteristics of ABC transporter genes and proteins in

BxCN
ID Protein | Ortholog | Genomic | Ortholog | Exon Number Ortholog | Whether | Other
length | protein | span genomic | number | of infron | exon has Pfam
length span supported | number | start domain
and
stop
codon
BxCN00285 | 681 567 2633 2618 11 all 8 Yes PF01061
BxCN01094 | 650 619 5329 3870 7 all 13 Yes PF01061
BxCN01157 | 566 668 3428 12980 all 10 No start | PF00664
codon
(GCG)
BxCN02239 | 1331 1272 5028 9347 15 6 14 Yes PF00664
BxCN02410 | 678 684 2923 7626 12 all 12 Yes PF01061
BxCN02679 | 1272 1427 7839 8066 21 all 20 Yes PF00664
BxCN02823 | 633 622 3018 2335 10 all 5 Yes PF12848
BxCN03385 | 676 666 2309 5725 8 all 14 Yes PF00664
BxCN04425 | 608 619 2491 3870 9 all 13 Yes PF01061
BxCN04600 | 907 595 3591 2996 15 12 12 Yes PF00089
BXxCN05517 | 669 661 4270 3716 6 all 9 Yes PF06472
BxCN05520 | 803 761 4518 2849 all 7 Yes PF00664
BXCN05567 | 775 761 3215 2849 all 7 Yes PF00664
BxCN06787 | 615 619 3150 3870 6 13 Yes PF01061
BxCN07404 | 1478 1573 5323 5427 16 12 9 Yes PF00664
BxCN07831 | 618 622 2128 4565 7 all 6 Yes PF12848
BxCN08056 | 616 610 2256 6716 10 all 5 Yes PF00037
and
PF04068
BxCN08640 | 1301 1321 5245 7474 13 all 14 Yes PF00664
BxCN08790 | 1364 1324 7848 5380 14 all 14 Yes PF00664
BxCN09034 | 1592 1573 6443 5427 20 16 9 Yes PF00664
BxCN09171 | 1238 1280 6580 5645 14 12 14 Yes PF00664
BxCN09178 | 702 712 3056 2868 12 10 4 Yes PF12848
BXCN10724 | 1244 1272 10536 9347 16 13 14 Yes PF00664
BXxCN11337 | 1573 1802 10345 6951 21 12 16 Yes PF12698
BXxCN11459 | 1657 1758 10321 9658 15 all 15 Yes PF12698
BxCN11889 | 1418 1415 5197 8686 18 all 18 Yes PF00664
BxCN12619 | 1064 815 4504 4181 20 18 16 Yes PF00059
and
PF00664
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BxCN12661 | 1702 2146 7875 16944 24 11 33 No start | PF12698

codon

(TCA)
BxCN13281 | 1522 1525 6541 18202 13 9 14 No start | PF00664

codon

(CCC)
BxCN13361 | 1229 1268 5279 4955 17 15 13 Yes PF00664
BxCN13602 | 1322 1280 5662 5645 16 all 14 Yes PF00664
BxCN13607 | 675 734 2559 3168 all 12 Yes PF06472
BxCN13610 | 702 598 2661 2783 all 11 Yes PF01061
BxCN13777 | 1192 1280 6767 5645 10 7 14 Yes PF00664
BxCN13779 | 1259 1318 8027 5583 13 6 15 Yes PF00664
BxCN14229 | 797 801 3489 8399 7 all 12 Yes PF00664
BxCN14341 | 1350 1758 9796 9658 16 13 15 No start | PF12698

codon

(AAT)
BxCN14342 | 1410 1564 9461 7393 17 13 20 Yes PF12698
BxCN14343 | 1564 1758 8457 9658 18 14 15 Yes PF12698
BXCN14796 | 594 668 4031 12980 7 4 10 Yes PF00664
BxCN14811 | 740 761 3494 2849 8 all 7 Yes PF00664
BxCN14816 | 711 761 4998 2849 9 7 Yes PF00664
BxCN14818 | 918 761 5808 2849 11 7 Yes PF00664
BxCN14820 | 794 761 3976 2849 9 7 Yes PF00664
BxCN14847 | 632 801 4042 8399 7 all 12 Yes PF00664
BxCN14848 | 677 801 3222 8399 8 all 12 Yes
BxCN14849 | 604 801 2949 8399 7 2 12 Yes
BxCN14852 | 637 801 2598 8399 7 all 12 Yes PF00664
BxCN14853a | 573 801 28465 8399 9 4 12 No start

codon

(TTT)
BxCN14853b | 580 801 3075 8399 9 5 12 No start | PF00664

codon

(TTA)
BxCN14854 | 587 801 5426 8399 10 7 12 Yes PF00664
BXxCN15675 | 686 704 2625 12965 9 all 8 Yes PF00664
BxCN15852 | 801 787 2877 6171 9 all 10 Yes PF00664
BxCN16314 | 1307 1382 14144 6981 23 12 29 Yes PF00664
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In summary, 46 of 54 ABC transporter genes in BXCN had both proper start and
stop codon, appropriate TM domain, as well as the same set of Pfam domains to their
orthologs in C. elegans, indicating that the majority of ABC transporter genes in BXCN are

full-length high-quality gene models.

2.3.8.  Finalizing the bioinformatics pipeline for annotating high-
guality ABC transporter genes

Based on ABC transporter gene annotation in BXCN, we further revised the
annotation pipeline (Figure 2.20). In order to demonstrate that our InterProScan and
BLAST based analysis can be used as a precise approach to annotate ABC transporter
genes, we compared the results against that obtained using another approach, which was
based on the comparative gene family classification (Frech and Chen 2010). The
comparison (Figure 2.21 and Figure 2.22) showed that the InterProScan & BLAST based
bioinformatics pipeline (Figure 2.20) is more effective because it not only found all
candidate ABC transporter genes, but also revised gene models that were defective and
got high-quality ABC transporter genes.

In conclusion, through the analysis of ABC transporters in BXCN, a robust
bioinformatics pipeline was developed to annotate ABC transporter, in which InterProScan
and BLAST were applied in parallel to search for ABC transporter gene candidates in the

nematode genomes
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Figure 2.20: Final version of Bioinformatics pipeline for annotating ABC
transporter genes.

Through InterProscan & BLAST searches, ABC transporter gene candidates were obtained. After

filtering out contamination, assessing quality, improving gene model and re-assessing, ABC

transporter with high-quality can be included in our final set. Analyses performed were fully

automated (dark blue boxes) or involved some manual intervention (light blue boxes).

Gene family classification analysis InterProScan & BLAST based analysis

14
BXCN04601
BXCNO6787 BXCN06787 (M)
BXCN09178 BXCN09178
BXCN10724 BXCN10724 (M)
BXCN10725 BXCN11337 (M)
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Improved gene
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Figure 2.21: Comparing the results from gene family classification analysis and
InterProScan & BLAST based analysis

44 high-quality ABC transporter genes were included in the results of both methods. Incomplete

ABC transporter genes in the result of gene family classification analysis could be examined and

improved by InterProScan & BLAST based analysis. False positive in the result of gene family

classification analysis could be examined and excluded by InterProScan & BLAST based

analysis.
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Figure 2.22: Comparing the result from InterProScan and InterProScan & BLAST
based analysis

44 high-quality ABC transporter genes were included in the results of both methods. Incomplete

ABC transporter genes in the result of InterProScan based analysis could be examined and

improved by InterProScan & BLAST based analysis. Pseudogenes and defective genes in the

result of InterProScan based analysis could be examined and excluded by InterProScan &

BLAST based analysis.

2.3.9. Naming of ABC transporter genes

Gene names that contain functional information have been assigned to C. elegans
ABC transporter genes. Assigning names to newly annotated ABC transporter genes in
other nematode species may be useful and convenient for comparison analysis.
Therefore, we constructed a phylogenetic tree for a combined set of 54 annotated high-
guality ABC transporter genes in BXCN and 56 annotated ABC transporter genes in C.
elegans using the neighbor-joining method available at MEGA6 (Tamura et al. 2013). To
avoid confusion introduced by including the protein domains that are not shared by
different proteins, we only included the ABC domains as proxies for all ABC transporter
genes in the phylogenetic analysis. For full transporters that have two ABC domains, we
only used the left domains to avoid redundancies. We have attempted to assign gene
names to all newly annotated ABC transporter genes based on their orthologous
relationship to ABC transporters in C. elegans (Figure 2.23). First of all, for ABC
transporter gene in BXCN that shared clear one-to-one orthologous relationship with that

in C. elegans, we simply assigned the same name of its ortholog in C. elegans to this
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BXCN gene, for example, members in subfamily F. Then, for the sub-trees that contain C.
elegans genes but show BXCN specific expansion, we first used all the reference gene
names present in the sub-tree and then used the smallest number of reference gene name
(in the same subfamily) that has not been used yet to name the additional BXCN genes,
for example, the sub-tree with haf-2. Lastly, for the sub-tree that does not contain any
reference genes, we created new name based on which subfamily the genes belonging
to, for example, the sub-tree with abcb-1 genes. After conducting the name rule above,

we got a list of name corresponding to the ABC transporter genes in BXCN (Table 2.6).

Table 2.6: ABC transporter gene names in BXCN based on C. elegans
ID Gene name ID Gene name ID Gene name
BxCN14341 BxCN-abt-1 BxCN14229 BxCN-hmt-1 BxCN07404 BXxCN-mrp-3
BxCN12661 BxCN-abt-2 BxCN14848 BxCN-abcb-1 | BXCN09034 BXxCN-mrp-4
BxCN14342 BxCN-abt-3 BxCN14849 BxCN-abcb-2 | BXCN02679 BxCN-mrp-5
BxCN11337 BxCN-abt-4 BxCN14847 BxCN-abcb-3 | BXCN11889 BXCN-mrp-6
BxCN11459 BxCN-abt-5 BxCN14852 BxCN-abcb-4 | BXCN13281 BXCN-mrp-7
BxCN14343 BxCN-abt-6 BxCN14853b | BXCN-abcbh-5 | BxCN05517 BxCN-pmp-1
BxCN15675 BxCN-abtm-1 | BXCN14853a | BxCN-abcb-6 | BxCN13607 BxCN-pmp-4
BxCN14796 BxCN-haf-1 BxCN14854 BxCN-abcb-7 | BXCN08056 BxCN-abce-1
BxCN05520 BxCN-haf-10 | BxCN13361 BxCN-pgp-1 BxCN02823 BxCN-abcf-1
BxCN14820 BxCN-haf-11 BxCN16314 BxCN-pgp-10 | BXCN07831 BxCN-abcf-2
BxCN05567 BxCN-haf-2 BxCN02239 BxCN-pgp-11 | BXCN09178 BxCN-abcf-3
BxCN03385 BxCN-haf-3 BxCN08790 BxCN-pgp-12 | BXCN13610 BxCN-wht-1
BxCN15852 BxCN-haf-4 BxCN10724 BxCN-pgp-2 BxCN01094 BxCN-wht-2
BxCN14811 BxCN-haf-5 BxCN09171 BxCN-pgp-3 BxCN04425 BxCN-wht-3
BxCN01157 BxCN-haf-6 BxCN13602 BxCN-pgp-4 BxCN00285 BxCN-wht-4
BxCN14816 BxCN-haf-7 BxCN13777 BxCN-pgp-5 BxCN06787 BxCN-wht-5
BxCN14818 BxCN-haf-8 BxCN13779 BxCN-pgp-6 BxCN02410 BxCN-wht-7
BxCN12619 BxCN-haf-9 BxCN08640 BxCN-pgp-7 BxCN04600 BxCN-abch-1

54




%, %N %
& %% A
o Ok, Br N VG !
ey, Yy &)
G,
0‘1(6 - 2
&y, o o
&
e T s
Wq;?
abt Lol
Exhgy ) &)
bty
BxCN g “ 30

wht-g » B4

BXCN-wht-3 j 40
BxCN-wht-5
BxCNwnt2 — 50

a4
al

86

38

¢ 23 E @ o P
Tifiis8:::28%
e 33T T 32
: Subfamily A ® : SubfamilyB : Subfamily C
® : Subfamily D . Subfamily E : Subfamily F
: Subfamily G @® : Subfamily H

Figure 2.23: Phylogenetic analysis of ABC transporter genes in BXCN and C.
elegans

Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the

only domain sequences of half transporters in BXCN and in C. elegans. ABC transporter gene

names in C. elegans were obtained from WormBase and were highlighted by different color

representing for different subfamilies. All ABC transporter gene names in BXCN were assigned

based on ABC transporter genes in C. elegans by applying the name rule.
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2.3.10. Comparative analysis of ABC transporter genes in B.
xylophilus and C. elegans

Through phylogenetic analysis, we tried to evaluate the evolutionary relationships
between ABC transporter genes in B. xylophilus (BXCN) and C. elegans. The phylogenetic
tree showed that subfamilies E (1:1) and F (1:1) are highly conserved, with all members
showing clear one-to-one orthologous relationships in C. elegans and BXCN, which is
consistent with the previous studies (Zhao et al. 2007; Liu et al. 2011; Xie et al. 2012).
Although members in subfamily H (1:1) also represented a one-to-one orthologous
relationship, previous study demonstrated this subfamily appears to be the most divergent
(Sheps et al. 2004). Subfamily B contains both half transporters and full transporters,
showing more evolutionary activities than other subfamilies. For instance, in a species-
specific expansions in BXCN, 7 ABC transporter genes (BxCN-abcb-1, BXCN-abcb-2,
BxCN-abcb-3, BxCN-abcb-4, BXCN-abcb-5, BXCN-abcb-6, BXCN-abcb-7), which were
half transporters, shared a common ancestor with 2 pairs of ABC transporter genes
(BXxCN-abtm-1, abtm-1; BXCN-hmt-1 and hmt-1) in C. elegans and BXCN, resulting in a 9:
2 expansion in BXCN. This BXCN specific expansion might originate from tandem
duplication. Subfamily A and subfamily C only contained full transporters. In subfamily A,
there were two one-to-one orthologous relationship between BXCN and C. elegans
(BXCN-abt-2 and abt-2, BXCN-abt-4 and abt-4), as well as one BXCN specific expansion
(BXCN-abt-1, BXCN-abt-3, BXCN-abt-5 and BXCN-abt-6). BXCN-mrp-7 and mrp-7 was the
only pair in subfamily C that showed one-to-one orthologous relationship. Subfamily D and
subfamily G both contained half transporters. Similar to subfamily C, there was just one
one-to-one orthologous relationship in subfamily D (BXCN-pmp-4 and pmp-4). This small
subfamily showed two species-specific expansions in C. elegans. Members in subfamily
G also represented one-to-one orthologous relationship (BXCN-wht-3 and wht-3, BXCN-
wht-4 and wht-4, BXCN-wht-7 and wht-7).

In summary, although there are similar numbers of ABC transporter genes in C.
elegans (56) and BxCN (54), only 21 pairs of ABC transporter genes in C. elegans and
BXCN showed clear one-to-one orthologous relationships. These genes might perform
important and similar functions in these two species. Species-specific ABC transporter

expansion in BXCN might be related to the specific function that needed to interact with
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the surrounding environment, reflecting the consistency between molecular level of

genome and behavior of an organism.

2.4. Annotating ABC transporter genes in B. xylophilus
(BxJP)

Considering that a recent study reported 106 of ABC transporter genes in a B.
xylophilus strain isolated in Japan (thus BxJP) (Kikuchi et al. 2011) but our annotation
found only 54 ABC transporter genes in BXCN, we would like to re-annotate ABC
transporter genes in BxJP using our bioinformatics pipeline. We found 68 ABC transporter
gene candidates in BxJP, 57 of which were found though InterProScan searches and 11
additional ones were found through BLAST searches. One candidate, BxJP18132, was
obtained from contamination. After excluding BxJP18132, quality assessment identified
30 high-quality ABC transporter and 37 candidates that were defective and needed
improvement (Table 2.7). Our improvement procedure generated six revised gene models
of high-quality. In total, we annotated 49 high-quality ABC transporter genes, 46 of which
also encode appropriate number of TM helices within TM domain (s) (Table 2.8). Thus, in
contrast to what was reported (Kikuchi et al. 2011), the size of ABC transporter gene family

is not substantially larger than other in other nematodes.
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Table 2.7: Improvement of defective ABC transporter gene models in BxJP

ID Improved or not ID after improvement Notes
BxJP06513 No Keep the original model
(with shorter ABC domain length)
BxJP10733 Yes
BxJP11047 Yes
BxJP11366 Yes Merged with BxJP11367
BxJP11367 Yes
BxJP11659 Yes
BxJP11658 Yes BxJP11658 Merged with BxJP11659
BxJP12666 Yes
BxJP12665 Yes BxJP12665 Merged with BxJP12665
BxJP14501 Yes keep original model
(based on the ortholog in BXCN)
BxJP14502 Yes keep original model
(based on the ortholog in BXCN)
BxJP14506 Yes BxJP14506a Split into two genes
BxJP14506b
BxJP15073 Yes
BxJP15074 Yes
BxJP15072 Yes BxJP15072 Merged with BxJP15073, BxJP15074
BxJP16375 Yes BxJP16375
BxJP05284 Yes BxJP05284
BxJP09873 Yes BxJP09873
BxJP16345 No TM domain could not be improved; keep the
original model
BxJP07046 No
BxJP08124 No
BxJP08495 No
BxJP12494 No
BxJP13552 No
BxJP14507 No
BxJP14472 No
BxJP16233 No
BxJP16388 No
BxJP16650 No
BxJP17299 No
BxJP17492 No
BxJP18132 No
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High-quality ABC transporter genes in BxJP

Table 2.8
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Because BXCN and BxJP are two strains of a same species B. xylophilus, we
expect that the size of their ABC transporter gene families are very close, if not identical.
To compare ABC transporter genes in BxJP and BXCN, a phylogenetic tree containing all
ABC transporter genes was constructed. All 49 BxJP ABC transporter genes showed clear
one-to-one orthologous relationship with those in BXCN and shared the same name with
their ortholog in BXCN (Figure 2.24). The ortholog of BXCN-pgp-12 in BxJP was
fragmented into two genes BxJP08124 and BxJP16388 due to genome assembly error
(Figure 2.25) so that we did not included this defective gene. Thus, there was no ortholog
of BXCN-pgp-12 in the phylogenetic tree. BxCN-abcb-7 does not have any ortholog in
BxJP, which may also due to assembly error or sequencing error. The ortholog of BXCN-
abt-3 in BxJP was a pseudogene (Figure 2.26), fragmented into BxJP13602 and
BxJP13603 which contain TM domain but no ABC domain. In comparison to BxJP, BXCN
had two additional genes, BXCN-haf-8 and BXCN-haf-1. BXCN-haf-1 was a result of a local
duplication, showing high similarity to BXCN-haf-6 based on JDotter result (Figure 2.27).
Similarly, BXCN-haf-8 may be duplicated by BxCN-haf-11(Figure 2.28). In conclusion,
BxJP shared an almost identical set of ABC transporter genes with BXCN with three
exceptions and did not contain an expanded number of ABC transporter genes as reported
by previous study.
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Figure 2.24: Phylogenetic analysis of ABC transporter genes in BxJP and BXCN
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the ABC only
domain sequences of half transporters in BxJP and in BxCN. ABC transporter genes in BXCN were
highlighted by different color representing for different subfamilies. All ABC tranpsorter gene names in BxJP

wereassigned based on ABC transporter genes in BXCN by applying the name rule. Stars stands for the
genes that do not have orthologs in BxJP or BXCN
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Figure 2.25: BxJP-pgp-12 was fragmented into two gene BxJP08124 and

BxJP16388 due to assembly error.

“Gene model’ track includes original gene annotation; “ABC final gene model” track includes
high-quality ABC transporter gene models. BxJP16388 and BxJP09124 were located in different
contigs and were two fragments of BxJP-pgp-12. BxJP16388 shared orthologous relationship to
the right part of BXCN-pgp-12 and BxJP09124 shared orthologous relationship to the left part of
BXxCN-pgp-12. The assembly error made BxJP-pgp-12 fragmented.
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Figure 2.26: BxJP-abt-3 was a pseudogene, fragmented into BxJP13602 and

BxJP13603.

“Gene model” track includes original gene annotation; “ABC final gene model” track includes
high-quality ABC transporter gene models. Genes in the boxes are conserved between BxJP and
BxCN. BxJP-abt-3 was likely a pseudogene, fragmented into BxJP13602 and BxJP13603 which
contained TM domain but no ABC domain
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Figure 2.27: A part of BXCN-haf-1 could be a duplication of the corresponding
part of BXCN-haf-6

“‘ABC final gene model” track includes high-quality ABC transporter gene models. DNA sequences of the

genomic region for BxCN-haf-1 and BxCN-haf-6 were extracted and combined to run JDotter. The result

showed the two regions highlighted by black boxes shared some similarity.

64



SBXCN00019:643900 . .657300 . ‘ ‘ . . . 1 . . .
649k 645k 646k 647k 64BK 649K 650k 651k 652k 653k 654k 655k 656K 657K

ABC final gene nodel

BXCN-haf -8 BXxCN-haf-11
e o —————————— i — I

Dot plot for BxCN-haf-8 and BxCN-haf-11

0 900 1800 2700 3600 4500 5400 6300 7200 8100

1800

2700

6300 5400

7200

Figure 2.28: One BxCN specific gene, BXCN-haf-8 that could be obtained from
local duplication.

“ABC final gene model” track includes high-quality ABC transporter gene models. DNA sequences of the

genomic region for BxCN-haf-8 and BxCN-haf-11 were extracted and combined to run JDotter. The result

showed these two regions shared some similarity.
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2.5. Annotating ABC transporter genes in B. xylophilus
(BXCA)

In order to further confirm that B. xylophilus has a similar number of ABC
transporter genes to that in C. elegans, we annotated ABC transporter genes in BXCA,
which was an M-form B. xylophilus strain showing mild pathogenicity to pine wood tree.
we found 62 ABC transporter gene candidates, of which 58 were found by InterProScan
searches and four additional ones were obtained by BLAST searches. According to
TBLASTN result, none of the candidates was contamination. Quality assessment
identified 39 high-quality ABC transporter genes and 23 candidates that were defective

and needed improvement (Table 2.9)

Table 2.9: Improvement of defective ABC transporter gene models in BXCA
ID Improved or not | ID after improvement | Notes
BxCA06754 Yes BxCA06754
BxCA08322 No Keep the original model

(with a shorter ABC domain length)

BxCA09571 Yes
BxCA12681 Yes

BxCA12687 Yes Do not include this model
BxCA12754 No Keep the original model
BxCA12925 Yes
BxCA14980 No Keep the original model
BxCA15803 Yes
BxCA15804 Yes Keep the original model
BxCA15805 Yes Keep the original model
BxCA15809 Yes BxCA15809a Split into two genes
BxCA15809b
BxCA17262 Yes BxCA17262 Merged with BxCA17263 and BxCA17264

BxCA17263 Yes
BxCA17264 Yes
BxCA01901 No
BxCA04529 No
BxCA04710 No
BxCA07652 No
BxCA15813 No
BxCA15810 No
BxCA17905 No

66



Our improvement procedure generated eight revised gene models of high-quality.
In total, 53 high-quality ABC transporter genes were annotated in our analysis, the majority
(50) of which also encode appropriate number of TM helices within TM domain (s) (Table
2.10). Together with BXCN and BxJP, three B. xylophilus genomes share similar number

of ABC transporter genes, suggesting that the previous annotation was incorrect.
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High-quality ABC transporter genes in BXCA
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Although BxCA is a M-from B.xylophilus strain, we expect that ABC transporter
gene families are very similar in BXCA and BXCN. To compare ABC transporter genes in
BxXxCA and BxCN, a phylogenetic tree containing all ABC transporter genes was
constructed. Among 53 BxCA ABC transporter genes, 50 of them showed one-to-one
orthologous relationship and shared the same name with their ortholog in BXCN (Figure
2.29). One difference between BxCA and BXCN was that the ortholog of BXCN-abcb-7
and that of BXCN-mrp-3 were both defective in BXCA. More specifically, BXCA-abct-7
(BxCA15810) had one shorter ABC domain with a length of 60 aa due to assembly error.
Similarly, BXCA-mrp-3 (BXCA07652) had two shorter ABC domains with lengths of 40 aa.
In subfamily D, one extra gene in BXCA, BXCA-pmp-2 (BXCA16515), was a result of
duplication, showing in Figure 2.30. In subfamily B, one extra gene in BXCA, BxCA-abcb-
8, was improved by using its ortholog in BmCN, a strain of a related species
Bursaphelenchus mucronatus (Zhejiang, China). However neither BXCN nor BxJP had it.
As shown in Figure 2.31, BxJP and BXCN did not contain any abcb-8 candidates in the
syntenic genomic region after using BmCN-abcb-8 as query to run genBlastG. Another
difference was caused by defective BXCN-mrp-1 (BXCN14290) due to assembly error. To
conclude, BXCA shows a similar number of ABC transporter genes in BXCN with a slight
difference.
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Figure 2.29: Phylogenetic analysis of ABC transporter genes in BXCA and BXCN
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in BXCA and in BXCN. ABC transporter genes
in BXCN were highlighted by different color representing for different subfamilies. All ABC
tranpsorter gene names in BXCA were assigned based on ABC transporter genes in BXCN by
applying the name rule. Stars stands for the genes that do not have orthologs in BXCA or BXCN
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Figure 2.30: Duplication of ABC transporter gene in subfamily D in BxCA

“ABC final gene model” track includes high-quality ABC transporter gene models. BxCA-pmp-1 and BxCA-
pmp-2 both shared orthologous relationship with pmp-1in C. elegans based on the phylogenetic analysis.
DNA sequences of the genomic region for BxCA-pmp-1 and BxCA-pmp-2 were extracted and combined to
run JDotter. The result showed these two regions shared some similarity.
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Figure 2.31: The ortholog of BxCN-abcb-8 can be found in BmCN but not in BxJP

and BxCN

“Gene model” track includes original gene annotation; “ABC final gene model” track includes
high-quality ABC transporter gene models. The genes in the black boxes are conserved within
four Bursaphelechus genomes. Within the conserved region, we cannot find any putative ABC

transporter genes in BXCN and BxJP.
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2.6. Annotating ABC transporter genes in B. mucronatus
(BmCN)

B. mucronatus is a species closely related to B. xylophilus but does not kill pine
trees (Mamiya 1979). By annotating ABC transporter genes in B. mucronatus (BmCN,
one of B.mucronatus obtained from Zhejiang Province, China) and comparing ABC
transporter genes between B. mucronatus and B. xylophilus, we can understand how
conserved the complete inventory of ABC transporter genes between these two closed
nematode species. In total, we found 61 ABC transporter candidates in BmCN, of which
57 were found by InterProScan searches and four additional ones were found by BLAST
searches. None of these candidates was contamination. After quality assessment, we
identified 40 high-quality ABC transporter genes and 17 defective candidates that needed
improvement (Table 2.11). Our improvement procedure generated five revised gene
models of high-quality, two of which were TM domain improved gene models. The original
gene models (BMCN11415 and BmCN11416), both annotated as a half ABC transporter
in subfamily, had 14 and two TM helices, respcetively. After improvement, the new gene
models have 10 and seven TM helices (Figure 2.32). These two genes were similar, likely
due to gene duplication. In total, 53 high-quality ABC transporter genes were annotated in
our analysis, 51 of which also encode appropriate number of TM helices within TM domain
(s) (Table 2.12).
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Table 2.11:

Improvement of defective ABC transporter gene models in BmCN

ID Improved or not | ID after improvement | Notes
BmCNO01508 No Keep original model

(with longer ABC domain length)
BmCN02262 Yes BmCN02262
BmCN09849 Yes BmCN09849
BmCN11441 Yes Keep original model

(based on the ortholog in BXCN)
BmCN11442 Yes keep original model
BmCN11784 Yes BmCN11784
BmCNO06377 No Keep original model
BmCN11415 Yes BmCN11415 TM domain was improved
BmCN11416 Yes BmCN11416 TM domain was improved
BmCN15800 No
BmCN16482 No
BmCN16481 No
BmCN04047 No
BmCN11412 No
BmCN11440 No
BmCN09760 No
BmCN11004 No
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High-quality ABC transporter genes in BmCN
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Figure 2.32: TM domain improvement of two adjacent genes in BmCN

“Gene model” track includes original gene annotation; “ABC revised gene model” track includes
gene models annotated using genBlastG and C. elegans orthologs as query proteins; “RNA-seq”
track includes introns predicted by RNA-seq data; “ABC final gene model” track includes high-
quality ABC transporter gene models. BmMCN11415 and BmCN11416 were both annotated as a
half ABC transporter gene in subfamily B. After improvement, BmCN11415 (BxCN-haf-11) had 10
TM helices, compared to 14 before improvement and BmCN11416 (BmCN-haf-8) had seven TM
helices, compared to two before improvement.
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We expect that the ABC transporter genes are similar between two closely related
species, B. mucronatus and B. xylophilus. Through phylogenetic analysis, we found 50
out of 53 ABC transporter genes in BmCN showed one-to-one orthologous relationship
and shared the same name with their ortholog in BXCN (Figure 2.33). Considering the
differences, BXCN had two specific duplications, BXCN-haf-1 and BxCN-haf-7, as
mentioned in section 2.4. BmCN-mrp-2 had good quality compared to the defective BXCN-
mrp-2 (BXCN1429). While BmCN-pgp-2 (BmMCN11004), located in the end of a contig, was

incomplete with just one ABC domain (supposed to have two) due to assembly error.

In subfamily B, BmCN did not have the ortholog of BXCN-abcb-5 which was
obtained by splitting a single ABC transporter genes into two. As mentioned in section 2.5,
BmCN had one extra ABC transporter gene, BmCN-abch-8 (Figure 2.31). Additionally, in
BmCN, there was one specific duplication event in which five adjacent genes duplicated
tandem during evolution (Figure 2.34). BmCN-abtm-1 was one of the five genes, which
contributed one extra ABC transporter gene in BmCN compared to BXCN. Through this
analysis, we found ABC transporter genes were well conserved between B. mucronatus
and B. xylophilus, both of which also shared a similar number of ABC transporter genes

to C. elegans.
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Figure 2.33: Phylogenetic analysis of ABC transporter genes in BmCN and BxCN
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in BmCN and in BXCN. ABC transporter genes

in BXCN were highlighted by different color representing for different subfamilies. All ABC
tranpsorter gene names in BmCN were assigned based on ABC transporter genes in BXCN by
applying the name rule. Stars stands for the genes that do not have orthologs in BmCN or BXCN
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Figure 2.34: BmCN specific ABC transporter gene caused by duplication event in
which five adjacent genes duplicated tandem

“Gene model” track includes original gene annotation; “ABC final gene model” track includes

high-quality ABC transporter gene models. There was one BmCN specific duplication event in

which five adjacent genes in the black box duplicated tandem. BmCN-abtm-1 was one of the five

genes. Therefore, the duplication contributed one more gene (BmCN-abtm-2) of subfamily B in

BmCN genome compared to BXCN genome.
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2.7. Discussion

In this study, domain-based search and homology-based improvement were
applied to annotate and improve ABC transporter genes in B. xylophilus. Compared to
106 putative ABC transporter genes B. xylophilus identified in the previous study, our
study found that B. xylophilus has a similar number of ABC transporter to that in C. elegans
(Table 2.13). Therefore, the previous hypothesis that the highly expanded family of ABC
transporter genes may facilitate the invasion and pathogenicity of PWN were proved to be
incorrect (Kikuchi et al. 2011). The large number of ABC transporter genes reported by
previous study was caused largely by the defects of the genome assembly and gene
annotation (Kikuchi et al. 2011). In addition, through phylogenetic analysis, we identified
subfamily E and subfamily F were highly conserved, with one-to-one orthologous
relationship between Bursaphelenchus and C. elegans. In contrast, members in subfamily
B showed more species-specific expansion, suggesting that they were actively evolving.
Most ABC transporter gene models annotated in four Bursaphelenchus genomes show
clear orthologous relationships, suggesting ABC gene family is very well conserved in
these genomes. However, turnover in evolution was also observed. In conclusion, this
study provided a robust bioinformatics method to identified high-quality ABC transporter
genes in nematode genomes, which may contribute to understand the evolution of
nematodes and how different inventory of ABC transporters could affect the interaction

between nematodes and their surrounding environment.

Table 2.13:  Subfamily information for high-quality ABC transporter genes in four
Bursaphelenchus genomes.

BxCN BxJP BxCA BmCN C. elegans
Subfamily A 6 5 6 6 5
Subfamily B 30 26 28 28 24
Subfamily C 5 5 5 6 9
Subfamily D 2 2 3 2 5
Subfamily E 1 1 1 1 1
Subfamily F 3 3 3 3 3
Subfamily G 6 6 6 6 8
Subfamily H 1 1 1 1 1
Total 54 49 53 53 56
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Chapter 3. Systematic annotation of ABC
transporter genes in pathogenic and non-pathogenic
nematode genomes

3.1. Introduction

The phylum Nematoda is an ecologically diverse clade with free-living species, as
well as parasites of animals and plants (Park et al. 2011). In order to further understand
the relationship between the complement of ABC transporter genes and the pathogenicity
of various nematodes, we annotated ABC transporter genes in additional 24 nematode
species, including seven free-living nematodes, Caenorhabditis briggsae (Stein et al.
2003), Caenorhabditis tropicalis, Caenorhabditis sinica, Caenorhabditis brenneri,
Caenorhabditis remanei, Caenorhabditis japonica, Caenorhabditis angaria and
Panagrellus redivivus (Srinivasan et al. 2013), two necromenic nematodes, Pristionchus
pacificus (Dieterich et al. 2008) and Pristionchus exspectatus (Rodelsperger et al. 2014),
two plant parasites, Meloidogyne hapla (Opperman et al. 2008) and Meloidogyne
incognita (Caillaud et al. 2008), 12 animal parasites, Necator americanus (Tang et al.
2014), Haemonchus contortus (Laing et al. 2013), Ancylostoma ceylanicum (Schwarz et
al. 2015), Ascaris suum (Jex et al. 2011), Brugia malayi (Ghedin et al. 2007), Loa loa
(Desjardins et al. 2013), Onchocerca volvulus (Unnasch and Williams 2000), Dirofilaria
immitis (Godel et al. 2012), Trichinella spiralis (Mitreva et al. 2011), Trichuris trichiura
(Foth et al. 2014) and Trichuris suis (Jex et al. 2014) and one insect parasite,
Heterorhabditis bacteriophora (Bai et al. 2013). We downloaded genomic DNA, protein

sets and annotation gff3 file for each species from published databases (Table 3.1).
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Table 3.1: Data sources for each nematode species

Species

Data resources

Caenorhabditis briggsae

ftp://ftp.wormbase.org/pub/wormbase/species/c_briggsae/
PRJNA10731.WS245

Caenorhabditis tropicalis

ftp://ftp.wormbase.org/pub/wormbase/species/c_sp11/
PRJUNA53597.WS246

Caenorhabditis sinica

ftp://ftp.wormbase.org/pub/wormbase/species/c_sp5/
PRJUNA194557 WS246

Caenorhabditis brenneri

ftp://ftp.wormbase.org/pub/wormbase/species/c_brenneri/
PRJNA20035.WS245

Caenorhabditis remanei

ftp://ftp.wormbase.org/pub/wormbase/species/c_remanei/
PRJNA53967.WS245

Caenorhabditis elegans

ftp://ftp.wormbase.org/pub/wormbase/species/c_elegans/
PRJUNA13758.WS244

Caenorhabditis japonica

ftp://ftp.wormbase.org/pub/wormbase/species/c_japonica/
PRJUNA12591.WS245

Caenorhabditis angaria

ftp://ftp.wormbase.org/pub/wormbase/species/c_angaria/
PRJNA51225.WS245

Pristionchus exspectatus

ftp://ftp.wormbase.org/pub/wormbase/species/p_exspectatus/
PRJEB6009.WS246

Pristionchus pacificus

ftp://ftp.wormbase.org/pub/wormbase/species/p_pacificus/
PRUNA12644.WS245

Haemonchus contortus

ftp://ftp.wormbase.org/pub/wormbase/species/h_contortus/
PRJNA205202.WS245

Ancylostoma ceylanicum

ftp://ftp.wormbase.org/pub/wormbase/species/a_ceylanicum/
PRJNA231479.WS247

Necator americanus

ftp://ftp.wormbase.org/pub/wormbase/species/n_americanus/
PRJUNA72135.WS246

Heterorhabditis bacteriophora

ftp://ftp.wormbase.org/pub/wormbase/species/h_bacteriophora/
PRJUNA13977.WS246

Panagrellus redivivus

ftp://ftp.wormbase.org/pub/wormbase/species/p_redivivus/
PRJNA186477.WS245

Meloidogyne incognita ftp:/ftp.wormbase.org/pub/wormbase/species/m_hapla/
PRUNA28837.WS245

Meloidogyne hapla ftp:/ftp.wormbase.org/pub/wormbase/species/m_hapla/
PRUNA29083.WS245

Ascaris suum ftp://ftp.wormbase.org/pub/wormbase/species/a_suum/
PRUNA80881.WS245

Loa loa ftp://ftp.wormbase.org/pub/wormbase/species/|_loa/
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ftp://ftp.wormbase.org/pub/wormbase/species/c_brenneri/
ftp://ftp.wormbase.org/pub/wormbase/species/c_remanei/
ftp://ftp.wormbase.org/pub/wormbase/species/c_elegans/
ftp://ftp.wormbase.org/pub/wormbase/species/c_japonica/
ftp://ftp.wormbase.org/pub/wormbase/species/c_angaria/
ftp://ftp.wormbase.org/pub/wormbase/species/p_exspectatus/
ftp://ftp.wormbase.org/pub/wormbase/species/p_pacificus/
ftp://ftp.wormbase.org/pub/wormbase/species/h_contortus/
ftp://ftp.wormbase.org/pub/wormbase/species/a_ceylanicum/      PRJNA231479.WS247
ftp://ftp.wormbase.org/pub/wormbase/species/n_americanus/
ftp://ftp.wormbase.org/pub/wormbase/species/h_bacteriophora/
ftp://ftp.wormbase.org/pub/wormbase/species/p_redivivus/
ftp://ftp.wormbase.org/pub/wormbase/species/m_hapla/
ftp://ftp.wormbase.org/pub/wormbase/species/m_hapla/
ftp://ftp.wormbase.org/pub/wormbase/species/a_suum/
ftp://ftp.wormbase.org/pub/wormbase/species/l_loa/

PRJUNAG0051.WS246

Brugia malayi ftp://ftp.wormbase.org/pub/wormbase/species/b_malayi/
PRUNA10729.WS245

Onchocerca volvulus ftp://ftp.wormbase.org/pub/wormbase/species/o_volvulus/
PRJEB513.WS246

Dirofilaria immitis ftp://ftp.wormbase.org/pub/wormbase/species/d_immitis/
PRJEB1797.WS246

Trichinella spiralis ftp://ftp.wormbase.org/pub/wormbase/species/t_spiralis/
PRUNA12603.WS245

Trichuris trichiura ftp://ftp.sanger.ac.uk/pub/pathogens/Trichuris/GenomePaper2014/

Trichuris suis ftp://ftp.wormbase.org/pub/wormbase/species/t_suis/
PRJNA208416.WS245

3.2. Phylogenetic analysis provide a general insight to the
evolutionary relationship for nematodes

To determine the evolutionary relationship of these 27 species, we constructed a
phylogenetic analysis tree based on the sequence similarities of three conserved genes,
tefl (translation elongation factor 1-a), call (calmodulin) and chil8-5 (endochitinase) (Xie
et al. 2014). We characterized the protein sequences of these three conserved genes in
29 nematode genomes (we included three genomes for B. xylophilus in this analysis) and
for each genome, we concatenated the three protein sequences. More specifically, we
first identified the C. elegans orthologs of these three conserved genes, eef-1A.1, cmd-1
and cht-1. Then, we used these C. elegans genes as reference to search for their
orthologs in the rest of the 29 proteomes using BLASTP. To ensure high-quality of the
candidate genes, we further revised the gene models by using genBlastG. Finally,
alignment was done with the concatenated protein sequences in each genomes and
phylogenetic tree (Figure 3.1) was constructed using Neighbor-joining method in MEGAG6
(Tamura et al. 2013).
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Figure 3.1:  Evolutionary relationship for nematodes including in our analysis
Phylogenetic tree was obtained from the concatenated protein sequences of the orthologs of
three conserved genes, tefl, call and chil8-5 in all 29 nematode genomes.
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3.3. Annotation of ABC transporter genes in C. briggsae

C. briggsae is a free-living nematode that is, closely related to the model organism
C. elegans. As a matter of fact, C. briggsae has been studied extensively along with C.
elegans for comparative analysis (Stein et al. 2003). After applying the annotation pipeline
to C. briggsae, we identified 73 ABC transporter gene candidates (65 candidates from
InterProScan searches, eight additional ones from BLAST searches), none of which was
due to contamination. Among these 73 candidates, 43 were high-quality ABC transporter
genes according to our quality checking criteria. For the defective candidates, our
improvement procedure generated 18 revised gene models of high-quality, four of which
with only TM domain improved. The TM domain improvement was suported by RNA-seq
data (Table 3.2). Among the revised gene models, CBG05664 was annotated as a full
ABC transporter in subfamily B with two predicted ABC domains, one of which was longer
than expected (195 aa). After improvement, the new gene model fully met our criteria and
the revision was supported by the RNA-seq data (Figure 3.2). CBG17574, was annotated
as a full ABC transporter in subfamily B. After improvement, it was split into two seperate
genes, each of which had two typical ABC domains and the revision was supported by
RNA-seq data (Figure 3.3). Another example was TM domain improvement procedure
revised the TM domains (from 18 TM helices down to 16) in CBG20290, which was
annotated as a full ABC transporter in subfamily A. Another example was TM domain
improvement in CBG20290 which was characterized as a full ABC transporter in subfamily
A. The revised gene model had RNA-seq supported (Figure 3.4). Seven candidates could
not be further improved and were likely random hits. In total, we annoated 64 high-quality
ABC transporter genes in C. briggsae, 59 of which had appropriate TM domain(s) (Table
3.2).
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High-quality ABC transporter genes in C. briggsae after revision

Table 3.2:
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Figure 3.2: A representative case that the exons of one defective ABC
transporter gene in C. briggsae were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CBG05664 had two
predicted ABC domains, one of which was longer than expected (195 aa). The revised gene
model was supported by the RNA-seq data and was annotated as a high-quality full ABC
transporter gene in subfamily B.
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Figure 3.3: A representative case that one candidate was split into two high-
guality ABC transporter genes
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CBG17574, was split
into two genes based on the prediction. Each of the revised gene models (Cbr-pgp-5 and Cbr-
pgp-6) had two typical ABC domains and the revision was supported by RNA-seq data.
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Figure 3.4: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CBG20290 was
characterized as a full ABC transporter in subfamily A with 18 TM helices. After improvement, the
number of TM helices decreased to 16 and the new gene model had RNA-seq data support.
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Considering the close evolutionary relationship between C. elegans and
C.briggsae, we expected to see that the ABC transporter genes from these two species
are highly similar. Through phylogenetic analysis, we found 51 out of 64 ABC transporter
genes in C. briggsae showed one-to-one orthologous relationship with the ABC
transporter genes in C. elegans. Thus, we assigned the ABC transporter genes in C.
briggsae share the same gene names as their ortholog in C. elegans (Figure 3.5). For the
rest of the ABC transporter genes in C. briggsae, we first assigned the existed names
reported in previous stuides and then followed our rule for naming. According to the
phylogenetic tree, there were several expansions in C. briggsae: one case (Cbr-abt-3) in
subfamily A; two cases (Cbr-haf-5 and Chr-haf-10) in half ABC transporter subgroup of
subfamily B; three cases in full transporter subgroup of subfamily B (Cbr-pgp-15, Cbr-pgp-
16 and Cbr-pgp-17); one case in subfamily C (Cbr-mrp-9); two cases in subfamily G (Cbr-
wht-9 and Cbr-wht-10). There was only one expansion in C. elegans, pmp-1 and pmp-2,
which were corresponding to Cbr-pmp-2 in C. briggsae. In short, ABC transporter genes
in C. elegans and C. briggsae showed high conservation with only a few species specific

expansion.
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Figure 3.5: Phylogenetic analysis between C. briggsae and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in C. briggsae and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in C. briggsae were assigned based on ABC transporter genes in

C. elegans by applying the name rule.
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3.4. Annotation of ABC transporter genes in C. tropicalis

C. tropicalis (ex-sp. 11) is a species of the Elegans group of Caenorhabditis genus
(Felix et al. 2014). After applying the annotation pipeline to C. tropicalis, we identified 74
ABC transporter gene candidates, 64 candidates from InterProScan searches, 10
additional ones from BLAST searches. None of these candidates was due to
contamination. Then, we examined the quality of all candidates and found that 41 of them
were high-quality ABC transporter genes. All these 41 genes also encoded appropriate
TM domain(s) (Table 3.3). For the defective candidates, we tried to improve each of their
gene models. After examining the quality of new gene models, we generated 10 improved
gene models with high-quality, six of which with only TM domain improved. For instance,
four adjacent gene models (Cspll.Scaffold630.g18160, Cspll.Scaffold630.918162,
Cspll.Scaffold630.g18163 and Cspll.Scaffold630.918164) were identified to be the
fragments of one single ABC transporter gene in subfamily C. After improvement, we
obtained a revised gene model which encoded a full ABC transporter with two high-quality
ABC domains (Figure 3.6). Another example is for TM domain improvement.
Cspll.Scaffold629.g11557 was annotated as a half ABC transporter gene in subfamily H,
but encoded a protein without predicted TM domain. After improvement, we obtained a
longer protein with six predicted TM helices in the TM domain (Figure 3.7). For
remainingl0 defective candidates which could not be further improved to be high-quality
ABC transporter gene, we excluded them from the candidate list. In summary, we
annotated 56 high-quality ABC transporter genes in C. tropicalis, 52 of which had
appropriate number of TM domain (s) (Table 3.3).
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High-quality ABC transporter genes in C. tropicalis after revision

Table 3.3
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Figure 3.6: A representative case that four adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Cspll.Scaffold630.g18160, Cspll.Scaffold630.g18162, Cspll.Scaffold630.g18163
and Cspll.Scaffold630.9g18164) were identified to be the fragments of an ABC transporter gene
in subfamily C. After improvement, the revised gene encoding a transporter with two high-quality
ABC domains.
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Figure 3.7: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Cspll.Scaffold629.g11557 was annotated as a half ABC transporter gene in subfamily
H, but no predicted TM domain. After improvement, we obtained a longer gene model with a TM
domain, containing six predicted TM helices

Through phylogenetic analysis, we found 46 out of 56 ABC transporter genes in
C. tropicalis showed clear one-to-one orthologous relationship with the ABC transporter
genes in C. elegans and we assigned the gene names for ABC transporter genes in C.
tropicalis based on their relationship with ABC transporter genes in C. elegans (Figure
3.8). Although the total number of ABC transporter genes in C. tropicalis was exactly the
same to that in C. elegans, there were some slight differences. For instance, in subfamily
G, wht-3 did not have an ortholog in C. tropicalis while in subfamily A, there were two
expansions (Ctr-abt-3 and Ctr-abt-6) in C. tropicalis. In general, the ABC transporter genes

between these two speices were quite conserved during evolution.
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Figure 3.8:  Phylogenetic analysis between C. tropicalis and C. elegans.
Phylogenetic tree was constructed via using left ABC domain sequences of full transporters and
the only ABC domain sequences of half transporters in C. tropicalis and C. elegans. ABC
transporter genes in C. elegans were highlighted by different color representing for different
subfamilies. All ABC transporter gene names in C. tropicalis were assigned based on ABC
transporter genes in C. elegans by applying the name rule.
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3.5. Annotation of ABC transporter genes in C. sinica

C. sinica (ex-sp. 5) is another member of the Elegans group, with overall
morphologically resembling C. elegans itself (Huang et al. 2014b). After applying the
annotation pipeline to C. sinica, we identified in total 90 ABC transporter gene candidates,
with 81 candidates from InterProScan searches and nine additional ones from BLAST
searches. Two of these candidates, Csp5_ scaffold 05607.g35279 and
Csp5_scaffold_02584.g27122 were due to contamination and were excluded in our further
analysis. Among the 88 candidates, 59 were high-quality ABC transporter genes. All of
these genes encode proteins with appropriate TM domain (s). For the defective
candidates, we tried to improve. After examining the quality of new gene models, seven
were improved with high-quality, three of which with only TM domain improved (Table 3.4).
For instance, Csp5_scaffold_02177.925247 and Csp5_scaffold_02177.925249 both were
annotated as an ABC transporter gene in subfamily F but each of them encoded only one
predicted ABC domain. We generated a high-quality gene model, by merging these two
candidates together (Figure 3.9). Another candidate, Csp5_scaffold_02097.9g24832, was
annotated as a half ABC transporter gene in subfamily B and did not encode proper TM
domain (only three TM helices). The revised gene model for this candidate was longer
and the new region encoding an additional part of TM domain (Figure 3.10), making TM
domain complete. After improvement and re-examination process, 16 candidates could
not be further improved to be high-quality ABC transporter genes. In summary, we
annotated 70 high-quality ABC transporter genes in C. sinica, 68 of which had proper TM
domain (s) (Table 3.4).
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High-quality ABC transporter genes in C. sinica after revision

Table 3.4
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Figure 3.9: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Csp5_scaffold _02177.925247 and Csp5_scaffold_02177.9g25249 were fragments of an
ABC transporter gene in subfamily F, each of which encoded one predicted ABC domain. After
improvement, two candidates were merged together to be a high-quality ABC transporter gene.
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Figure 3.10: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Csp5_scaffold_02097.924832, annotated as a half ABC transporter gene in subfamily
B encoding only three TM helices. The revised gene model for this candidate was longer and
encoded a complete TM domain.
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Through phylogenetic analysis, we found 46 out of 70 ABC transporter genes in
C. sinica showed one-to-one orthologous relationship with the ABC transporter genes in
C. elegans. We assigned the gene names for the ABC transporter genes in C. sinica
based on their relationship with ABC transporter genes in C. elegans (Figure 3.11). In
comparison with ABC transporter genes in C. elegans, those in C. sinica showed both
high level conservation and divergence. On one hand, we found that ABCD, ABCE, ABCF
and ABCH subfamily were well conserved between C. elegans and C. sinica. On the other
hand, there were some small expansions of subfamily A (Csi-abt-3 and Csi-abt-6), C (Csi-
mrp-9 and Csi-mrp-10) and G (Csi-wht-9) in C. sinica. The largest expansion occurred in
subfamily B, which could also be recognized from the total number of ABC transporter
gene in this subfamily, 24 in C. elegans and 33 in C. sinica. Especicaly, for the full ABC
transporter genes in subfamily B, there were obviously expansions in the cluster that had
pgp-12. In conclusion, most of the subfamilies were general conserved between C.
elegans and C. sinica, with most expansions of subfamily B in C. sinica.
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Figure 3.11: Phylogenetic analysis between C. sinica and C. elegans

Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in C. sinica and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in C. sinica were assigned based on ABC transporter genes in C.

elegans by applying the name rule.
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3.6. Annotation of ABC transporter genes in C. brenneri

C. brenneri has both male and female adults, unlike the hermaphroditic species
such as C. elegans and C. briggsae. The genome of C. brenneri is about 40% larger than
the genome of either C. elegans or C. briggsae, but is only slightly larger than C. remanei's
genome (Fierst et al. 2015). By applying the annotation pipeline to C. brenneri, we
obtained 106 ABC transporter gene candidates (91 candidates from InterProScan
searches, 15 additional ones from BLAST searches), none of which was due to
contamination. Among these 106 candidates, 56 were high-quality ABC transporter
genes. All of these 56 genes also encoded appropriate TM domain (s). For the remaining
50 candidates, we tried to improve each of them and we eventually generated 16 revised
gene models of high-quality (Table 3.5), three of which with only TM domain improved.
Three ABC transporter candidates, CBN31112, CBN30138 and CBN31679, should be
merged into one single gene which was annotated as a full ABC transporter gene
encoding two high-quality ABC domains in subfamily B based on the improvement result
(Figure 3.12). The new gene model had RNA-seq data supporting all of its introns.
CBN31544 was annotated as a half ABC transporter genes in subfamily G, encoding a
high-quality ABC domain but no TM domain. Through improvement, we recovered a
longer ABC transporter gene model, which resulted from merging CBN31544 and its
adjacent gene, CBN29600 (Figure 3.13). This new gene model encoded four predicted
TM helices, as well as a high-quality ABC domain. In addition, it had RNA-seq data
supporting nine of its introns. After improvement, 23 candidates were still defective, 16 of
which might be caused by incomplete assembly or incomplete sequencing of their
genomic region. As a result, there could be 12 potential full length ABC transporter genes
if the C. brenneri genome is fully reconstructed. In a representative case, CBN28163 and
CBN09215 were both annotated as a full ABC transporter gene in subfamily A and were
suggested to be merged into one. However, the newly constructed gene model only
encoded one high-quality ABC domain and contained a sequencing gap, which might
result in the incompleteness of this ABC transporter gene (Figure 3.14). Taking together,
we annotated 78 high-quality ABC transporter genes in C. brenneri, 73 of which had
appropriate TM domains (Table 3.5).
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High-quality ABC transporter genes in C. brenneri after revision

Table 3.5
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Figure 3.12: A representative case that three candidates were merged into one
high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CBN31112,
CBN30138 and CBN31679, should be merged into one single gene which was annotated as a full
ABC transporter gene in subfamily B. The new gene model had RNA-seq data supporting all of its
introns.
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Figure 3.13: A representative case that TM domain was improved after merging
two adjacent genes
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CBN31544, was
annotated as a half ABC transporter gene in subfamily G encoding no TM domain. Through
improvement, we obtained a longer ABC transporter gene model, which resulted from merging
CBN31544 and its adjacent gene CBN29600. And this revised gene model was supported by
RNA-seq data and encoded proper TM domain and ABC domain.
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Figure 3.14: A representative case that the incompleteness of a defective
candidate could be caused by technical issues

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

CBN28163 and CBN09215 were fragments of a full ABC transporter gene in subfamily A.

However, the revised gene model only encoded one high-quality ABC domain and there was a

sequencing gap, which resulted in the incompleteness of this ABC transporter gene.

Through phylogenetic analysis, we found only 34 out of 78 ABC transporter genes
in C. brenneri showed one-to-one orthologous relationship with ABC transporter genes in
C. elegans. We assigned the gene names for ABC transporter genes in C. brenneri based
on their relationship with ABC transporter genes in C. elegans (Figure 3.15). The large
number of high-quality ABC transporter genes, small number of one-to-one orthologous
relationship as well as 12 potential candidates prompted us to make a comparison
between ABC transporter genes in C. elegans, C. briggsae and C. brenneri. Interestingly,
we found 13 cases that in a single cluster, there were only one ABC transporter gene in
each of C. elegans and C. briggsae genome, but more than one gene in C. brenneri (Table
3.6). For C. brenneri ABC transporter genes in the same cluster, the gene structures were
very similar to each other (Figure 3.16). For example, wht-2 had one signle ortholog in C.
briggsae (Cbr-wht-2), but two orthologs, Chn-wht-2 and Cbn-wht-9, which shared almost
identical protein sequences (only two base-pair difference) and gene structure in C.
brenneri (Figure 3.17). This result suggested that these expansion cases could be resulted

from the heterozygosity as well as the large genome of C. brenneri (Barriere et al. 2009).
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Figure 3.15: Phylogenetic analysis among C. brenneri, C. briggsae and C.
elegans

Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the

only ABC domain sequences of half transporters in C. brenneri, C. briggsae and C. elegans.

ABC transporter genes in C. elegans were highlighted by different color representing for different

subfamilies. All ABC transporter gene names in C. brenneri were assigned based on ABC

transporter genes in C. elegans by applying the name rule.
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Table 3.6:

13 expanded cases in C. brenneri compared to C. elegans and C.

briggsae
C. elegans Ortholog in C. briggsae Ortholog in C. brenneri
wht-2 Cbr-wht-2 Cbn-wht-2
Cbn-wht-9
wht-4 Cbr-wht-4 Cbn-wht-13
Cbn-wht-4
wht-5 Cbr-wht-5 Cbn-wht-5
Cbn-wht-10
abt-2 Cbr-abt-2 Cbn-abt-3
Cbn-abt-2
abt-5 Cbr-abt-5 Cbn-abt-5
Cbn-abt-6
abcf-1 Cbr-abcf-1 Cbn-abcf-5
Cbn-abcf-4
Cbn-abcf-1
pmp-2 Cbr-pmp-2 Cbn-pmp-6
Cbn-pmp-2
mrp-7 Cbr-mrp-7 Cbn-mrp-7
Cbn-mrp-10
mrp-8 Cbr-mrp-8 Cbn-mrp-9
Cbn-mrp-8
abtm-1 Cbr-abtm-1 Cbn-abtm-1
Cbn-abtm-2
haf-4 Cbr-haf-4 Cbn-haf-4
Cbn-haf-5
haf-9 Cbr-haf-9 Cbn-haf-9
Cbn-haf-10
haf-2 Cbr-haf-2 Cbn-haf-2
Cbn-haf-12
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Figure 3.16:
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Gene structure for C. brenneri ABC transporter genes in the 13
expansion cases

Yellow highlighted region represents for ABC domains; Green highlighted region represents for
Walker A; Red highlighted region represents for Signature C; Blue highlighted region represents

for Walker B.
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Chn—wht—9 GFEAF ATNOWSSVNEFN ST IWTEAKRDSVLSQL SFRVENFYPDLV IMSAFI IVFYTIGY 4
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Figure 3.17: A representative case that shows the expansion of ABC transporter
genes in C. brenneri could result from heterozygosity
Yellow highlighted region represents for ABC domains; Green highlighted region represents for
Walker A; Red highlighted region represents for Signature C; Blue highlighted region represents
for Walker B. The gene models of Cbn-wht-2, Cbn-wht-9, Cbr-wht-2 and wht-2 were quite similar
and the exon structures of Cbn-wht-2 and Cbn-wht-9 were exactly the same. In addition,
CLUSTAL alignment showed the protein sequences of Cbn-wht-2, Cbn-wht-9 were almost
identical, suggesting that the expansion might be caused by heterozygosity.
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3.7. Annotation of ABC transporter genes in C. remanei

C. remanei is a free-living nematode which shares a more recent common
ancestor with C. briggsae than with C. elegans (Haag et al. 2007). After applying the
annotation pipeline to C. remanei, we obtained 84 ABC transporter gene candidates (81
candidates from InterProScan searches, three additional ones from BLAST searches),
four (CRE03604, CRE25047, CRE2690 and CRE31641) of which was due to
contamination from bacteria. After excluding the contamination and examining the quality
of the remaining 80 candidates, 51 were high-quality ABC transporter genes. All of these
51 genes also encoded appropriate TM domain (s). Then, we tried to further improve the
29 defective candidates and eventually, we generated eight revised gene models of high-
guality, two of which with only TM domain improved (Table 3.7). For example, CRE07432,
was annotated as a full ABC transporter gene in subfamily B and encoded four predicted
ABC domains. Through the improvement procedure, we obtained two candidates, split
from CRE07432. Both of the revised gene model encoded two typical ABC domains and
the revision had RNA-seq data support (Figure 3.18). CRE01587 was annotated as a full
ABC transporter gene from subfamily B and encoded a slight smaller number of TM
helices (nine) than expected. The revised gene model of CRE01587 encoded 10 TM
helices in total, clustering in two groups. Although the number of TM helices did not change
much, the new gene model had RNA-seq data supporting the newly constructed intron,
suggesting the new gene model is better than the original one (Figure 3.19). Among the
remaining 16 candidates that could not be further improved to be high-quality ABC
transporter genes, two (CRE05353 and CRE27936) could be complete ABC transporter
genes when we have a better genome quality. CRE05353, annotated as a half ABC
transporter gene in subfamily B, had a short ABC domain (101 aa), which could be caused
by the sequencing gap within the ABC domain (Figure 3.20) and it could be a complete
ABC transporter gene when genome assembly improves. CRE27936 was annotated as a
full ABC transporter gene in subfamily B and encoded only one typical ABC domai. It was
located at the end of a small contig, probably leading to this truncated candidate (Figure
3.21). In total, we annotated 61 high-quality ABC transporter genes in C. remanei, all of

which had appropriate TM domain (Table 3.7).
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High-quality ABC transporter genes in C. remanei after revision

Table 3.7:
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Figure 3.18: A representative case that one candidate was split into two high-
qguality ABC transporter genes
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CRE07432 was
annotated as a full ABC transporter gene in subfamily B and encoded four predicted ABC
domains. Through the improvement procedure, two full ABC transporter genes were obtained by
splitting CRE07432. Both of them had two high-quality ABC domains and the revision had RNA-
seq data support.
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Figure 3.19: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“‘WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CRE01587, was
annotated as a full ABC transporter gene from subfamily B and encoded a slight smaller number
of TM helices (nine) than expected. The revised gene model encoded 10 TM helices in total,
clustering in two groups and all the introns were supported by RNA-seq data.
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Figure 3.20: A representative case that the incompleteness of a defective
candidate could be caused by technical issues

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

CREO05353 was annotated as a half ABC transporter gene in subfamily B and encoded a short

ABC domain (101 aa), which could be caused by the sequencing gap within the ABC domain.
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Figure 3.21: A representative case that the incompleteness of a defective
candidate could be caused by technical issues

WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

CREZ27936 was annotated as a full ABC transporter gene in subfamily B and encoded only one

ABC domain with high-quality. It was located at the end of a small contig, probably leading to this
truncated ABC transporter gene.
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Through phylogenetic analysis, we found 47 out of 61 ABC transporter genes in
C. remanei showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned the gene names for ABC transporter genes in C. remanei based
on their relationship with ABC transporter genes in C. elegans (Figure 3.22). Similar to
the comparison between C. elegans and C. sinica, ABCD, ABCE, ABCF and ABCH
subfamily were well conserved between C. elegans and C. remanei. Small expansions
were present in subfamily A (Cre-abt-3, Cre-abt-6 and Cre-abt-7), subfamily C (Cre-mrp-
9 and C.re-mrp-10) and subfamily G (Cre-wht-9) in C. remanei. Although the total number
of ABC transporter genes in subfamily B were identical between C. elegans and C.
remanei, there were some species specific expansions, suggesting that subfamily B is

more dynamic during evolution.
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Figure 3.22: Phylogenetic analysis between C. remanei and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in C. remanei and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in C. remanei were assigned based on ABC transporter genes in C.
elegans by applying the name rule.
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3.8. Annotation of ABC transporter genes in C. japonica

Unlike C. briggsae, C. remanei, or C. brenneri, C. japonica is not a member of the
Elegans group, but of its sister clade called the Japonica group
(http://www.wormbase.org). It was selected for genomic sequencing on account of its
providing an available outgroup for genomic comparisons with Elegans group members.
After applying the annotation pipeline to C. japonica, we identified 68 ABC transporter
gene candidates from InterProScan searches, 25 additional ones from BLAST searches,
totally 93 ABC transporter gene candidates. One of these candidates, CJA42478a, was
due to contamination. Thus, after checking the quality of 92 remained candidates, 30 were
high-quality ABC transporter genes. All of these 30 genes also encoded appropriate TM
domain (s). For the 62 candidates, we tried to improve each of them and we ended up
with nine revised gene models of high-quality, two of which with only TM domain improved
(Table 3.8). CJA14269 and CJA18437 both were annotated as an ABC transporter gene
in ABCF subfamily but each of them encoded only one ABC domain. After improvement,
we generated a high-quality ABC transporter gene as the result of merging these two
candidates together. The revision was supported by RNA-seq data (Figure 3.23). Another
example represents TM domain improvement. Unlike most of the TM domain improvement
case, the original gene model of CJA03941 encoded 20 TM helices (clustering in two
groups), which was more than expected. Through improvement, we generated a new gene
model which encoded typically 12 TM helices (Figure 3.24). Among the remaining 33
candidates that could not be further improved to be high-quality ABC transporter genes,
nine could be complete ABC transporter genes when the genome is well sequenced and
assembled. For instance, the incomplete CJA31802 which only encoded one high-quality
ABC domain could be caused by the sequencing gap (Figure 3.25). In summary, we
annotated 46 high-quality ABC transporter genes in C. japonica, 38 of which had proper
TM domain (s) (Table 3.8).

128


http://www.wormbase.org/

High-quality ABC transporter genes in C. japonica after revision

Table 3.8:

19 ¢l 1202 29v-NL19 LEVPOVID Lepyovro|  G-dwd-efo
0Ly / 029¢ 29v-INLI 491£60YrD qoleeovro|  p-dwa-eld
9/¢ ¥ 96¢ 29v-INL0 L0ZZIVrD ozzivro|  e-dwa-efn a
UOpOoD el ON 299 / 168 08v-WLy LOVELVID Lovelvro|  z-dwa-eld
99¢ € 8ele 28v-N10 asselLvro aggelivro|  4-dwa-eld
LOPOO LES ON “pROLCLI B10M SR Ligl vl 8ivll 08v-IN19-08v-IW19 1502071 l50L0vr0|  g-duw-el)
INL ‘2G0L0VID Wim pabiow sem 6|y9evro .
1vZ) Gl LIES 09v-INL9-08v-WLS GzZL0LVrD Gzlolvro|  9-duw-ely
98¢l 0z 8569 0av-INL1-09v-WLL P8IV vr8LIVPO|  g-dw-efo 0
L)) 8 528 09v-IN19-09v-NL16 €GLLINID eSLLNPO|  pdw-efn
L9vl €z 0.9 09v-IW1G-09v-WLO0L BYL9/IVID eplo/IvrO|  e-duw-efo
6251 8l vaLLL 09Y-IW1G-09v-WLLL 89890Vr'D 89g9ovro|  4-duwu-efn
ezl L Gl16 28V-IN19-08v-INL9 ¥60EPVrO ¥60SYYrO 6-dba-eln
€621 0l 0/gy 28V-IN19-08av-INLS 2682hVro 268TYVro g-dba-efn
%} el 202y 28V-N19-08av-INLS a69282Vro aeazezvro|  /-dba-eln
¥0Z1 ¢l 9zy 09v-INL9-08v-INLS 8¥6EOVID gyeeovro|  9-dbd-efn
1821 L 2615 29v-N19-08v-I19 PR NIES) YOv90vID #-dbd-e)
panoidwil aiom seoljay L 8921 Gl 9z6¥ 29v-N19-08v-IW19 LYBE0VID L¥6E0VMD ¢-dbd-el)
uopoo dojs oN gzl ) 69eEl 29v-N19-08v-W1. 9PV 9zIyIvro z-dba-eln
uopoo dojs oN €zel 6 8/6¥ 29v-N19-08v-IN19 7685071 zeesovro|  pi-dba-eld
1821 6 L2y 08v-NL-0av-W1p 4952191 qoszivro|  €4-dba-eln
vigl Zl 9eG 08v-IN1G-08v-IN19 908210 yo0szvro|  z4-dba-eln g
19g} 82 8899 28v-W1.-08v-INL9 €021 IVro gozLivro|  o4-dba-eln
208 €l 8elLL 28v-INL0L v0/81¥1D voL8Ivro|  pwy-eld
118 9l 6.6 09v-INL6 8/ZE0VrD 8/ZE0VrD 6ey-elo
UOPOO LIEJS ON panoidwl aiom seoljay | L 6.5 ¥ G507 0gv-WLy 4608EOVID 9608E0VID /4ey-eln
UOpOD el ON 9/9 0l 2996 09v-INL9 95980Vr'D 95980VrD 9-ey-elo
uopod dojs oN 88/ 6 885Gt 09v-INL6 456+00VrrD qS6700YrD pey-elo
UOpOD el ON ove . €8¢ 29v-INL0 LELOLYID LELOLVID £ey-el
8¢ € eVl 29v-INL0 66970V 66970YMD Z4ey-eld
panodull aJem sadley L G0/ 9 1809 28v-NL10 8YTLINID 8yzLIvro|  L-wige-efo
8zyl Gl 8685 08v-IN19-08v-IN18 q.22807rD q.2280vr0 G-1qe-el)
8081 6l LIELL 09v-IN18-08v-IN19 76EP0VID ZGEV0VTO -1qe-el)
uopoo dois oN 98l €z Ve 0av-INL9-08V-WLY 1S¥0LVID 1SH0LVID Z-qe-elo v
9 8 165¢ 09v-INLZ-09v-WLy ®//STeNrD CINIAAR) 1-1qe-elo
Ssjuswwo)d Emcw_ uigloid| Jequinu uox3 ueds Jluouss) cOumN_cmm_o urewoq al _mc_mto a aWeu aus9)| Sse|n

129



Gopoo a5s ON 72 ¢ 7oL WI10-08v Q16810 e S
UOPOO 1EfS ON [panoidu] SJom SUOXg £8s 5 25} WIS-0av QLIS W®LISIVIO| 279D
795G 10 UM pBIow SeM B66Z1 w10 519 i VI8l WIr-0av 795GIVr0 POSSIVIO| 9 umEl
669 5 5087 WLS-0av £O8VOVr0 coRvOvr0|  GumEl

UOPOO 1EfS ON [panCidw] S7om SUOXg 55 0 6891 WIr-0ay ZSI7IVr0 T ) o) I,
UOPOIHEIS ON 1S 6 8519 WL9-08Y £9E180VFD eagigovro|  s-um-en

129E180YND Wi peBiow Sem GGzzevr0 .

58S 7 1956 WIS-0av 3680500 GE80GOVT0| - IuMED
Uopod dajs ON 6v9 Z €601 IN19-08Y 66/91Y1D 66/9LYMD L-ym-efo
col c 9615 Dav-0av SLPOVIVrO CIOvIvro|  £908E0

692710 UM poBIoW SeM E/6781 VD ) i 5015 Dav-0av 89ZVIVIO 69zrIvro|  2PwEeD| 4
UOpCo iEKs ON ) 5 ) Dav-0av SOLZ0vr0 SIZ0vro| 1 eEEh

019 7 g Dav-0av 228D ZZievro|  Jeeeh| 3

Sjluswwo) Emcm_ uigloid| Jequinu uox3 ueds JlWouss) CO_HNN_CM@LO ulewoq a _mc_m_,_o a olWeu aue| Ssseln

130



Cjap.Contigl7210:285876..33981
33k 32k 31k 30k, 29k

HornBase gene nodel
CJAL14269 CJAL1G437a
e o

CJALB8437h
= s

ABC revised gene nodel
F_T27E9.7
[

= —
PID:92.03-Cover:99.54
HornBase RNA-seq
= >

a ] L >
4
ABC final gene nodel
Cja-abcf-2
oy gy ey  E—— S— =
Ok D.Iik O.Ek 0.=3k O.Lk 0.}51( D.gk 0.}7)‘: O.ISK O.ISK li( 1.}1)‘: l.Ek 1.=3k 1.E-1k 1.=§k l.gk 1.}7)‘: l.gk 1.=9k ZL 2.}1k
Cja-abcf-2 T I | 1 g | i
: ABC domain : Motif A mmm  : Motif C mmm  : Motif B

Figure 3.23: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. CJA14269 and
CJA18437 both were annotated as an ABC transporter gene in ABCF subfamily but each of them
encoded only one predicted ABC domain. After improvement, a high-quality ABC transporter
gene model with RNA-seq support was obtained as a result of merging CJA14269 and CJA18437
together.
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Figure 3.24: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. The original gene
model of CJA03941 was annotated as a full ABC transporter gene in subfamily B and encoded 20
TM helices (clustering in two groups), which was more than expected. Through improvement, we
generated a new gene model which encoded typically 12 TM helices.
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Figure 3.25: A representative case that sequencing error could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

The incomplete CJA31802 which only encoded one high-quality ABC domain could be caused by

the sequencing gap in this region.

Through phylogenetic analysis, we found 39 out of 46 ABC transporter genes in
C. japonica showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned gene names for ABC transporter genes in C. japonica based on
their relationship with ABC transporter genes in C. elegans (Figure 3.26). ABC transporter
genes were generally conserved between these two species. Considering that the total
number of ABC transporter genes in C. japonica is obviously smaller than that in C.
elegans, there might be some ABC transporter genes that were truly lost or failed to be

annotated due to sequecing errors or assembly errors in C. japonica.
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Figure 3.26: Phylogenetic analysis between C. japonica and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in C. japonica and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in C. japonica were assigned based on ABC transporter genes in C.
elegans by applying the name rule.
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3.9. Annotation of ABC transporter genes in C. angaria

C. angaria (ex-species 3) is part of the Drosophilae super-group of Caenorhabditis
species, with quite distinct morphology and behavior compared to C. elegans (Mortazavi
et al. 2010). After applying the annotation pipeline to C. angaria, we identified 279 ABC
transporter gene candidates (219 candidates from InterProScan searches, 62 additional
ones from BLAST searches), which was a much large number compared to those
identified in other Caenorhabditis species. According to contamination filtering process,
we found 136 candidates were due to bacteria contamination. This result is consistent with
previous study, demonstrating that DNA of apparently recent bacterial origin was found in
the genomic sequences of C. angaria (Percudani 2013). After excluding the contamination
and checking the quality of candidates, we found most of them were defective, only 11
were high-quality ABC transporter genes. For the 132 defective candidates, we tried to
improve each of their gene models and examined the quality of newly constructed gene
models. 24 improved gene models with high-quality were generated, six of which with only
TM domain improved (Table 3.9). One of the improved gene models,
Cang_2012_03_13 00228.g7427, obtained from BLAST searches, was annotated as a
half ABC transporter gene in subfamily G but encoded no ABC domain. The revised gene
model encoded one high-quality ABC domain (Figure 3.27), making it a high-quality ABC
transporter gene. Another example is for merging case: Cang_2012_ 03 13 00071.g3374
and Cang_2012_03_13 00071.g3375, both encoded only one high-quality ABC domain
and were annotated as a full ABC transporter gene in subfamily C. The revised gene
model was a result of merging the above two candidates and encoded two typical ABC
domains (Figure 3.28). ™ domain improvement occurred in
Cang_2012 03 13 00140.g5425, a full ABC transporter gene in subfamily B. After
revision, the new gene model encoded typically 12 TM helices, three more compared to
that of original gene model (Figure 3.29). Surprisingly, 97 candidates could be further
improved to be high-quality ABC transporter genes, which reflected that the current
genome was poorly assembled. 23 of these defective candidates that had sequencing
errors or assembly errors could be complete ABC transporter genes when genome is fully
sequenced and assembled. For example, two fragments of the ortholog of abce-1 showed
similarity to the different parts of abce-1 (Figure 3.30). However, one of them

(Cang_2012 03 13 06705.9g20433) was in a small contig with only one gene and the
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other (Cang_2012_03_13_00119.g4875) had some sequencing gaps within its genomic
region (Figure 3.30). It suggests that these technique issues could be the cause of defect.
Taking together, we annotated only 37 high-quality ABC transporter genes in C. angaria,
32 of which had proper TM domain (s) (Table 3.9).
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High-quality ABC transporter genes in C. angaria after revision

Table 3.9
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Figure 3.27: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Cang_2012_03_13 00228.g7427 was annotated as a half ABC transporter gene in
subfamily G but encoded no ABC domain. Through genBlastG improvement, the revised gene
model encoded one high-quality ABC domain.
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Figure 3.28: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Cang_2012_03_13 00071.g3374 and Cang_2012_03_13 00071.g3375, both
encoded only one high-quality ABC domain and were annotated as a full ABC transporter gene in
subfamily C. The revised gene model was a result of merging the above two candidates and
encoded two high-quality ABC domains.
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Figure 3.29: A representative case that the TM domain of an ABC transporter
gene candidate was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Cang_2012_03_ 13 00140.g5425 was annotated as a full ABC transporter gene in
subfamily B with a slightly lower number of TM helices. After improvement, the revised gene
model of encoded typically 12 TM helices, three more compared to that of original gene model.
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Figure 3.30: A representative case that technical issues could result in
incompleteness of an ABC transporter gene candidate

“‘WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

Cang_2012_03_13 06705.9g20433 and Cang_2012_03_13 00119.g4875 showed similarity to

the different parts of abce-1 based on genBlastG result. However,

Cang_2012_03_13 06705.9g20433 was in a small contig with only one gene and

Cang_2012_03_13 00119.94875 had some sequencing gaps within its genomic region,

suggesting that these technique issues could be the cause of defect.
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Through phylogenetic analysis, we found 22 out of 37 ABC transporter genes in
C. angaria showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned the gene names for ABC transporter genes in C. angaria based on
their relationship with ABC transporter genes in C. elegans (Figure 3.31). The biggest
difference between C. angaria and C. elegans is the contraction of subfamily B in C.
angaria. For example, there is only one C. angaria gene in the cluster that contain pgp-5.
However, this contraction could be validated when genomic region of the potential
candidates is fully sequenced and assembled. In general, the small number of one-to-one
orthologous relationship was consistent with relatively distant evolutionary relationship

between C. angaria and C. elegans.

143



: Subfamily A o
@ : Subfamily D
® : Subfamily G o

T EEE
EFfZ Fge ¢
® - oz 2 02
S5 o5 £ 5 & &
Sef §§
Q
U.ék}“"\
2 & A
o < F
® d

100
98
1601
100
K2
%\
)
\\\ o,
.,
7
Q?’A%
G,
R
(e

"
s
[ A e .p@m

p-11

APy
EE Can-pg
@ra-13
100 @ Pap-14

b ® pgp-12

Y iy Can-pgp.3
43 — Canpgp.1,

Tog Caungp”c

.Dgn 4

e

154

£g

#6

g€

g g
: Subfamily B : Subfamily C
. Subfamily E ® : Subfamily F
: Subfamily H

Figure 3.31: Phylogenetic analysis between C. angaria and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in C. angaria and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in C. angaria were assigned based on ABC transporter genes in C.

elegans by applying the name rule.
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3.10. Annotation of ABC transporter genes in P. pacificus

P. pacificus is a necromenic nematode, specifically associated with several
species of phytophagous beetles around the globe. Free living P. pacificus populations
can also be found in the soil and maintained on strict bacterial diets in the laboratory
(Kroetz et al. 2012). The hermaphroditic nematode P. pacificus is an established model
system for comparative studies with C. elegans in developmental biology, ecology, and
population genetics (Dieterich et al. 2008). After applying the annotation pipeline to P.
pacificus, we identified 83 ABC transporter gene candidates from InterProScan searches,
22 additional ones from BLAST searches, totally 105 candidates. None of these
candidates was due to contamination. After quality checking process, only 16 candidates
were high-quality ABC transporter genes. All of these 16 genes also encoded appropriate
TM domain (s). For the 89 defective candidates, we tried to improve them and we ended
up with 35 revised gene models of high-quality, 10 of which with only TM domain improved
(Table 3.10). For example, PPA28101 was annotated as a full ABC transporter gene in
subfamily B but the original gene model only encoded one high-quality ABC domain. After
improvement, the new gene model had extended exons, making it to be a high-quality
ABC transporter gene encoding two typical ABC domains (Figure 3.32). PPA32860 and
PPA29777 both were annotated as a full ABC transporter gene in subfamily B but each of
them encoded only a single ABC domain. After improvement, we generated a high-quality
ABC transporter gene model which was the outcome of merging these two candidates
together (Figure 3.33). Another example represents TM domain improvement. PPA25170
encoded TM domain and its adjacent gene PPA25171 encoded a high-quality ABC
domain. Through improvement, these two genes together formed an half ABC transporter
gene in subfamily D, which encoded both TM domain and high-quality ABC domain
(Figure 3.34). 31 candidates that could not be further improved to be high-quality ABC
transporter genes, 10 could be complete ABC transporter genes when the genome
assembly improves. For instance, although the improved gene model (merging three
candidate genes: PPA07651, PPA07652 and PPA07657) had two ABC domain satisfying
our criteria, there were two sequencing gaps with this region, making this new model much
longer than real ABC transporter genes. Therefore, there could be more than one ABC

transporter genes in this region when the genome is fully assembled (Figure 3.35). In
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summary, we annotated 55 high-quality ABC transporter genes in P. pacificus, 34 of which
had proper TM domain (s) (Table 3.10).

In previous studies, initial analysis of the P. pacificus genome found a larger
number of putative ABC transporter genes (129) (Dieterich et al. 2008). Later on, a much
smaller number of putative ABC transporter gene (65) were reported by the same group
(Markov et al. 2015). However, they did not explain the reason for such difference and did
not provide subfamily information for these ABC transporter genes. In our analysis, we
evaluated all ABC transporter gene candidates and ended up with 55 high-quality ABC
transporter genes. 18 of these high-quality ABC transporter genes were obtained from
merging at least two adjacent candidates, which could explain the reason why we identify

a smaller number of high-quality ABC transporter genes.
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High-quality ABC transporter genes in P. pacificus after revision

Table 3.10
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Figure 3.32: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. PPA28101 was annotated as a full ABC transporter gene in subfamily B but encoded
only one high-quality ABC domain. After improvement, the revised gene model had extended
exons, making it to be a high-quality ABC transporter gene encoding two typical ABC domains.
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Figure 3.33: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. PPA32860 and PPA29777 both were two fragments of a full ABC transporter gene in
subfamily B. The revised gene model, encoding two high-quality ABC domain, was the outcome
of merging these two candidates together.
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Figure 3.34: A representative case that the TM domain of an ABC transporter
gene was improved
“‘WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. PPA25170 encoded TM domain and its adjacent gene PPA25171 encoded a high-
quality ABC domain. Through improvement, these two genes together formed a high-quality half
ABC transporter gene in subfamily D.
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Figure 3.35: A representative case that sequencing errors could resultin
incompleteness of ABC transporter gene candidates
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.
PPA07651, PPA07652 and PPA07657 were merged together and had two ABC domain
satisfying our criteria. However, there were two sequencing gaps with this region made this new
model much longer than real ABC transporter genes. Therefore, there could be more than one
ABC transporter genes in this region when the genome is fully assembled.

Through phylogenetic analysis, we found only 19 out of 55 ABC transporter genes
in P. pacificus showed one-to-one orthologous relationship with ABC transporter genes in
C. elegans, which reflected the distant evolutionary relationship between P. pacificus and
C. elegans. We assigned the gene names for ABC transporter genes in P. pacificus based
on their relationship with ABC transporter genes in C. elegans (Figure 3.36). These two
species both showed species specific expansions, especially in subfamily A, B and C. For
example, in subfamily C, Ppa-mrp-2, Ppa-mrp-2, Ppa-mrp-2 and Ppa-mrp-2 in P. pacificus
were clustered together without any obvious ortholog in C. elegans. Similarly, mrp-5, mrp-
6, mrp-8 and cft-1 became a group that did not contain any P. pacificus gene. Besides,
we saw a contraction (4 members) of subfamily G in P. pacificus compared C. elegans (8
members), suggesting that some ABC transporter genes in subfamily G might not be
essential for P. pacificus and thus, were lost after speciation. Interestingly, the ABC
transporter gens in P. pacificus generally consisted of more but shorter exons, as well as
longer gene model due to the longer introns compared to the ABC transporter genes in
Caenorhabditis species. This proteome complexity may be related to the ecology of this

organism (Dieterich et al. 2008).
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Figure 3.36: Phylogenetic analysis between P. pacificus and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in P. pacificus and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in P. pacificus were assigned based on ABC transporter genes in

C. elegans by applying the name rule.
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3.11. Annotation of ABC transporter genes in P. exspectatus

P. exspectatus, a very closely related outcrossing sister species of P. pacificus. It
has been isolated from stag beetles in Japan (Kanzaki et al. 2012). The close phylogenetic
relationship between P. pacificus and P. exspectatus provides a powerful framework for
studying genome evolution. After applying the annotation pipeline to P. exspectatus, we
obtained 84 ABC transporter gene candidates (72 candidates from InterProScan
searches, 18 additional ones from BLAST searches), none of which was due to
contamination. After examining the quality of all the candidates, 27 were high-quality ABC
transporter genes. All of these 27 genes also encoded appropriate TM domain (s). After
trying to improve the defective candidates, we generated 28 revised gene models of high-
guality, four of which with only TM domain improved (Table 3.11). Among these revised
gene models, scaffold544-EXSNAP2012.9 was annotated as a half ABC transporter gene
in subfamily D, did not encode any predicted ABC domain but showed some similarity to
ABC transporter in C. elegans. Through the improvement procedure, we constructed a
longer gene model which encoded a protein with a high-quality ABC domain (146 aa, 3.6E-
17) (Figure 3.37). Another example is a merging case in which two candidates,
scaffold505-EXSNAP2012.16 and scaffold505-EXSNAP2012.17, both were annotated as
a full ABC transporter gene in subfamily B encoding a high-quality ABC domain in each.
After merging, the revised gene model was a high-quality ABC transporter gene encoding
a protein with two typical ABC domains (Figure 3.38). A representative case for TM domain
improvement is scaffold170-EXSNAP2012.8 in subfamily G. Although this ABC
transporter had a high-quality ABC domain, it did not contain any predicted TM helices.
After improvement, the new gene model extended to the neighboring region and became
a longer gene model with eight predicted TM helices (Figure 3.39). The remaining 16
candidates, could not be further improved. In conclusion, we annotated totally 62 high-
guality ABC transporter genes in P. exspectatus, 47 of which had appropriate TM domain
(s) (Table 3.11).
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High-quality ABC transporter genes in P. exspectatus after revision

Table 3.11
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Figure 3.37: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. The original gene model of scaffold544-EXSNAP2012.9 was annotated as a half ABC
transporter gene in subfamily D, did not encoded any predicted ABC domain. The revised gene
model encoded a typical ABC domain.
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Figure 3.38: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. scaffold505-EXSNAP2012.16 and scaffold505-EXSNAP2012.17 were both annotated
as a full ABC transporter gene in subfamily B, encoding a high-quality ABC domain in each.
These two genes were merged into one high-quality ABC transporter gene.
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Figure 3.39: A representative case that the TM domain of an ABC transporter
gene was improved
“‘WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. The original gene model of scaffold170-EXSNAP2012.8 encoded a high-quality ABC
domain but no TM helices. The revised gene model extended to the neighboring region and
became a longer gene model with eight predicted TM helices.
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Through phylogenetic analysis, we found 18 out of 62 ABC transporter genes in P.
exspectatus showed one-to-one orthologous relationship with ABC transporter genes in
C. elegans, which was a similar situation to the comparison between P. pacificus and C.
elegans. We assigned the gene names for ABC transporter genes in P. exspectatus
based on their relationship with ABC transporter genes in C. elegans (Figure 3.40).
Similarly to P. pacificus, species specific expansions most occurred in subfamily B, some
in subfaimly A and subfamily C in P. exspectatus. Contraction of subfamily G also
happened in P. exspectatus, suggesting the gene loss might be present in the common
ancenster of P. pacificus and P. exspectatus. In addtion, the ABC transporter genes in P.
exspectatus also consisted of more exons in general, compared to the ABC transporter

genes in Caenorhabditis species.
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Figure 3.40: Phylogenetic analysis between P. exspectatus and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in P. exspectatus and C. elegans. ABC
transporter genes in C. elegans were highlighted by different color representing for different
subfamilies. All ABC transporter gene names in P. exspectatus were assigned based on ABC
transporter genes in C. elegans by applying the name rule.
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3.12. Annotation of ABC transporter genes in H. contortus

H. contortus is also known as Barber’s pole worm. It is a highly pathogenic parasitic
nematode that can infect a large number of wild and domesticated ruminant species by
attaching to abomasal mucosa and feed on the blood. It is the most economically important
parasite of sheep and goats worldwide (Laing et al. 2013; Schwarz et al. 2013). After
InterProScan and BLAST searches, we identified 141 ABC transporter gene candidates
(76 candidates from InterProScan searches, 65 additional ones from BLAST searches),
two (maker-C404905-snap-gene-0.1 and snap-C421471-abinit-gene-0.1) of which were
due to contamination. We excluded the contamination and checked the quality of the
candidates. Among the 139 candidates, only four of them were annotated to be good
guality ABC transporter genes. These four genes also encoded proper TM domain (s),
suggesting that the most current genome annotation needs improvement. For the
defective candidates, we tried to further improve their gene models. After examining the
guality of newly constructed gene models, we successfully produced 17 high-quality gene
models, two of which were TM domain improved gene models (Table 3.12). For example,
augustus-scaffold10684-abinit-gene-0.0, annotated as an ABC transporter gene in
subfamily E, had a defective ABC domain with a longer length (194 aa) than expected.
After improvement, we got a high-quality ABC transporter gene with proper ABC domain
length (134 aa) and conserved motifs (Figure 3.41). Similar example, the original gene
model of maker-scaffold2142-augustus-gene-0.25, had a short predicted ABC domain (54
aa), belonging to subfamily G. The newly constructed gene model contained an improved
ABC domain with a proper length (149 aa) and features (Figure 3.42). Like C. angaria,
genome assembly quality of H. contortus was low, with a large number (116) of defective
candidates that could not be further improved. 20 of these defective candidates could be
ABC transporter genes when genome is fully sequenced and assembled. For instance,
maker-C440241-snap-gene-0.3, annotated as a full ABC transporter gene in subfamily A,
was located in a small contig with only one gene and this assembly error could result in
the incompleteness of this candidate (Figure 3.43). In conclusion, after annotation
procedure, only 22 high-quality ABC transporter genes were characterized in H. contortus,
18 of which had appropriate TM domain(s) (Table 3.12).
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Previous study reported 46 ABC transporter genes in H. contortus and a significant
expansion of ced-7 was found in H. contortus (Laing et al. 2013) compared to that in C.
elegans. We obtained a much smaller number of high-quality ABC transporter genes and
did not see such expansion in H. contortus. To figure out the reason, we did a phylogenetic
analysis using ABC domain sequences of 76 raw candidates. Not surprising, we observed
an expansion of subfamily A in H. contortus. Therefore, the number of ABC transporter
genes in H. contortus was limited by the strict annotation in our analysis. In other words,
the small number of ABC transporter genes we obtained was mostly due to the low quality
of genome assembly and might be partially due to the large humber of ABC transporter

pseudogenes in H. contortus.
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High-quality ABC transporter genes in H. contortus after revision

Table 3.12
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Figure 3.41: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. augustus-scaffold10684-abinit-gene-0.0, annotated as an ABC transporter gene in
subfamily E, had a defective ABC domain with a longer length (194 aa) than expected. After
improvement, the revised gene model had proper two ABC domains.
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Figure 3.42: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. The original gene model of maker-scaffold2142-augustus-gene-0.25, annotated as a
half ABC transporter gene in subfamily G, had a short predicted ABC domain (54 aa), The
revised gene model contained an improved ABC domain with a proper length (149 aa) and all
three motifs.
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Figure 3.43: A representative case that technical issues could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

maker-C440241-snap-gene-0.3, annotated as a full ABC transporter gene in subfamily A, was

located in a small contig with only one gene and this assembly error could result in the

incompleteness of this ABC transporter gene.
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Through phylogenetic analysis, we found 17 out of 22 ABC transporter genes in
H. contortus showed one-to-one orthologous relationship with ABC transporter genes in
C. elegans. We assigned gene names for ABC transporter genes in H. contortus based
on their relationship with ABC transporter genes in C. elegans. In H. contortus, there was
only one high-quality ABC transporter gene in subfamily A as well as in subfamily C,
compared to five and nine in C. elegans (Figure 3.44). Besides, subfamily B also
represents a gene contraction in H. contortus when compared to C. elegans. Although
there could be some potential ABC transporter genes, which we could not obtain due to
the relatively low quality of the current genome, it seems that there were less ABC
transporter genes in H. contortus. It suggests that this parasite might only keep the

essential ABC transporter genes to deal with the environment in its host.
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Figure 3.44: Phylogenetic analysis between H. contortus and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in H. contortus and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in H. contortus were assigned based on ABC transporter genes in

C. elegans by applying the name rule.
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3.13. Annotation of ABC transporter genes in A. ceylanicum

A. ceylanicum is a predominant hookworm of dogs and cats and is becoming the
second most common hookworm infecting humans in southeastern Asia. Unlike other
hookworms, A. ceylanicum infects both humans and other mammals, providing a
laboratory model for hookworm disease (Traub 2013; Schwarz et al. 2015). After
InterProScan and BLAST searches, we identified 97 ABC transporter gene candidates (78
candidates from InterProScan searches, 21 additional ones from BLAST searches). None
of these candidates were due to contamination. Thus, the quality of these 97 candidates
were examined and 27 of them were high-quality ABC transporter genes. All of these 27
genes had appropriate TM domain(s). For the 70 defective candidates, we tried to further
improve their gene models. After examining the quality of revised gene models, we
successfully generated 15 improved gene models of high-quality, four of which with only
TM domain improved (Table 3.13). Of the 15 improved gene models, 11 of them were
produced by merging adjacent genes. For example, three adjacent candidates,
Acey s0031.92380, Acey_s0031.g2381 and Acey_s0031.g2382 were basically merged
together and the revised gene model was annotated and examined to be a high-quality
ABC transporter gene encoding a protein with two typical ABC domains in subfamily F
(Figure 3.45). Another example is that the TM domain in a half transporter gene in
subfamily G was improved by merging two adjacent genes (Acey_s0601.g500 and
Acey_s0601.g502). This new gene model contained a cluster of 5 TM helices compared
to 3 TM helices in the original gene model (Figure 3.46). 32 candidates could not be
improved. 10 of them might be potential ABC transporter genes when the genome is well
sequenced and assembled. For example, Acey_s0024.g1008 was annotated as a full
ABC transporter gene in subfamily B. However, because of the sequencing gap within this
gene, we failed to get a high-quality ABC transporter gene (Figure 3.47). Therefore, it is
possible that a high-quality ABC transporter gene is in this region when the genome
assembly is improved. In summary, we annotated 50 high-quality ABC transporter genes

in A. ceylanicum, 39 of which had appropriate TM domain(s) (Table 3.13).
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High-quality ABC transporter genes in A. ceylanicum after revision

Table 3.13
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Figure 3.45: A representative case that three adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Two ABC transporter gene candidates, Acey s0031.g2380, Acey s0031.g2381 and
Acey_s0031.9g2382, were merged together and the revised gene model was annotated and
examined to be a high-quality ABC transporter gene in subfamily F.
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Figure 3.46: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Acey_s0601.g500 and Acey_s0601.g502 were merged to get a high-quality ABC
transporter gene containing an improved TM domain.
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Figure 3.47: A representative case that sequencing error could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

Acey_s0024.g1008 was annotated as a full ABC transporter gene in subfamily B. However,

because of the sequencing gap within this gene, we failed to get a high-quality ABC transporter

gene.

Through phylogenetic analysis, we found 27 out of 50 ABC transporter genes in A.
ceylanicum showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned the gene names for ABC transporter genes in A. ceylanicum based
on their relationship with ABC transporter genes in C. elegans (Figure 3.48). Although the
total number of ABC transporter genes in A. ceylanicum was close to that in C. elegans,
only about half of ABC transporter genes share orthologous relationship with those in C.
elegans, suggesting these two species were evolutionarily distant nematodes. More
specifically, species specific gene existed in all subfamilies except subfamily E, F and H.
For example, in subfamily A, Ace-abt-3 together with Ace-abt-4 share orthologous
relationship with abt-4. While in subfamily C, mrp-1, mrp-2, mrp-4 and mrp-8 do not have

clear orthologs in A. ceylanicum, resulting in a gene expansion in C. elegans.
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Figure 3.48: Phylogenetic analysis between A. ceylanicum and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in A. ceylanicum and C. elegans. ABC
transporter genes in C. elegans were highlighted by different color representing for different
subfamilies. All ABC transporter gene names in A. ceylanicum were assigned based on ABC
transporter genes in C. elegans by applying the name rule.
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3.14. Annotation of ABC transporter genes in N. americanus

The hookworm N. americanus is a soil-transmitted helminth (Tang et al. 2014),
which can infect human by attaching themselves to the intestinal wall, leading to blood
loss, iron-deficiency anemia, and other anemia associated-symptoms and signs (Hyun et
al. 2010). We identified 108 ABC transporter gene candidates (70 candidates from
InterProScan searches, 38 additional ones from BLAST searches), eight of which were
due to contamination. We excluded the contamination and examined the quality of 100
candidates. Most of them were defective, only 10 were high-quality ABC transporter genes.
For the 90 defective candidates, we tried to revise each of their gene models. After
examining the quality of newly constructed gene models, we generated 27 improved
models of high-quality, 10 of which with only TM domain improved (Table 3.14). Among
these defective genes, NECAME_08294, annotated as a half ABC transporter gene in
subfamily D, encoding a defective ABC domain (110 aa; 3.80E-06). After improvement,
we obtained a high-quality ABC transporter gene encoding a qualified ABC domain (143
aa; 3.0E-17) (Figure 3.49). Another example, three adjacent ABC transporter gene
candidates (NECAME_09146, NECAME_09147 and NECAME_09150) were merged into
one high-quality ABC transporter gene. The revised gene was annotated as a full ABC
transporter in subfamily A, encoding two high-quality ABC domains (Figure 3.50).
NECAME_03323 had four typical ABC domains and was annotated as a full ABC
transporter gene in subfamily B. After improvement, two full ABC transporter genes were
obtained by splitting the original model of NECAME_03323 (Figure 3.51).
NECAME_11679 was annotated as a full ABC transporter gene in subfamily B and
encoded two high-quality ABC domains but only eight TM helices clustering in two TM
domains. After improvement, NECAME_11679 was merged with its adjacent gene,
NECAME_11678, leading to an improved TM domain with 10 TM helices (Figure 3.52).
Among 34 defective candidates that could not be further improved, 19 might be ABC
transporter genes when genome assembly is improved. For example, NECAME_16796,
annotated as a full ABC transporter gene in subfamily C, only encoded one predicted ABC
domain. We found a sequencing gap within this gene, which might be the reason of
missing another ABC domain (Figure 3.53). Taking together, we annotated 39 high-quality
ABC transporter genes in N. americanus, 33 of which had appropriate TM domain(s)
(Table 3.14).
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High-quality ABC transporter genes in N. americanus after revision

Table 3.14:
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Figure 3.49: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. NECAME_08294 was annotated as a half ABC transporter gene in subfamily D,
encoding a defective ABC domain (110 aa; 3.80E-06). The revised gene model had a typical ABC
domain (143 aa; 3.0E-17).
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Figure 3.50: A representative case that three adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. NECAME_09146, NECAME_09147 and NECAME_09150 were merged into one ABC
transporter gene which was annotated as a full ABC transporter in subfamily A, encoding two
high-quality ABC domains.
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Figure 3.51: A representative case that one candidate was split into two high-
guality ABC transporter genes
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. NECAME_03323 had four typical ABC domains and was annotated as a full ABC
transporter gene in subfamily B. After improvement, we obtained two full ABC transporter genes
as a result of splitting the original model of NECAME_03323.
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Figure 3.52: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. NECAME_11679 was annotated as a full ABC transporter gene in subfamily B
encoding two high-quality ABC domains but only eight TM helices. After improvement,
NECAME_11679 was merged with its adjacent gene, NECAME_11678, leading to an improved
TM domain that had 10 TM helices clustering into two TM domains.
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Figure 3.53: A representative case that technical issues could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

NECAME_16796, annotated as a full ABC transporter gene in subfamily C, but only had one

predicted ABC domain. The sequencing gap within the genomic region of NECAME_16796 might

be the reason of missing another ABC domain in this candidate

Through phylogenetic analysis, we found 22 out of 39 ABC transporter genes in N.
americanus showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned gene names for ABC transporter genes in N. americanus based on
their relationship with ABC transporter genes in C. elegans (Figure 3.54). Unlike all the
species mentioned above in N. americanus, there is no high-quality ABC transporter gene
or even putative candidate in subfamily H, suggesting this gene might be lost in N.
americanus. Except for subfamily E and subfamily F, the number of genes in other
subfamilies in N. americanus is less than that in C. elegans. Therefore, we can see more

gene expansions in C. elegans.
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Figure 3.54: Phylogenetic analysis between N. americanus and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in N. americanus and C. elegans. ABC
transporter genes in C. elegans were highlighted by different color representing for different
subfamilies. All ABC transporter gene names in N. americanus were assigned based on ABC

transporter genes in C. elegans by applying the name rule.
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3.15. Annotation of ABC transporter genes in H.
bacteriophora

H. bacteriophora is an entomopathogenic nematode that has evolved a mutualism
with P. luminescens bacteria to function as highly virulent insect pathogens (Bai et al.
2013). It was first described in 1975 as a new genus species, and family of
(Heterorhabditidae) of Rhabditida. Much of the previous research concerning H.
bacteriophora has dealt with applied aspects related to biological control of insect.
However, H. bacteriophora is an excellent model to investigate fundamental processes
such as parasitism and mutualism in addition to its comparative value to C. elegans (Ciche
2007). After applying the annotation pipeline to H. bacteriophora, we got 86 ABC
transporter gene candidates (39 candidates from InterProScan searches, 47 additional
ones from BLAST searches), none of which was due to contamination. Among these 86
candidates, only three candidates were high-quality ABC transporter genes. All these
three genes also encoded proper TM domain (s). Our improvement procedure generated
38 revised gene models of high-quality, two of which with only TM domain improved (Table
3.15). A representative case for exon improvement of defective gene is Hba_16500. The
original gene model of Hba 16500 was annotated as a half ABC transporter gene in
subfamily B but encoded a short ABC domain (177 aa). The revised gene model encoded
a high-quality ABC domain with a length of 151 aa (Figure 3.55). Hba_11221 and
Hba_ 11222 were both obtained from BLAST searches and did not encode any predicted
ABC domain. The revised gene model encoded two typical ABC domains (Figure 3.56).
Hba_ 20849 was annotated as a half ABC transporter gene in subfamily G and encoded
one typical ABC domain but two TM domains. After improvement, we got two high-quality
ABC transporter genes encoding one ABC domain in each (Figure 3.57). A full ABC
transporter gene in subfamily B, Hba_ 13100, had 18 TM helices, clustering into three
groups. The new gene model of Hba_ 13100 showed a decreased number of TM helices,
(12 TM helices) forming two TM domains (Figure 3.58). For the remained 13 candidates,
they were not able to be improved. In total, we annotated 41 high-quality ABC transporter

genes in H. bacteriophora, 36 of which had appropriate TM domain(s) (Table 3.15).
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High-quality ABC transporter genes in H. bacteriophora after

revision

Table 3.15
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Figure 3.55: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Hba_ 16500 was annotated as a half ABC transporter gene in subfamily B encoding a
short ABC domain (107 aa). The revised gene model contained a high-quality ABC domain with a

length of 151 aa.
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Figure 3.56: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Hba_11221 and Hba_11222 were both obtained from BLAST searches and did not
encoded any predicted ABC domain. Through our revision, more exons were annotated in this
genomic region, leading to one high-quality ABC transporter with two typical ABC domains.
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Figure 3.57: A representative case that one candidate was split into two high-
qguality ABC transporter genes
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Hba_20849 was annotated as a half ABC transporter gene in subfamily G and
encoded one high-quality ABC domain but two TM domains. After improvement, we got two high-
quality ABC transporter genes with one high-quality ABC domain in each.
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Figure 3.58: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Hba_13100 was annotated as a full ABC transporter gene in subfamily B and had 18
TM helices, clustering into three groups. The new gene model of Hba_13100 showed a
decreased number of TM helices (12), forming two TM domains.

192



Through phylogenetic analysis, we found 23 out of 41 ABC transporter genes in H.
bacteriophora showed one-to-one orthologous relationship with ABC transporter genes in
C. elegans. ABC transporter genes in H. bacteriophora were assinged gene hames based
on their relationship with ABC transporter genes in C. elegans (Figure 3.59). Compared
to C. elegans, there were obvious gene contractions of subfamily A and subfamily B in H.
bacteriophora, with only two members in subfamily A and 16 members in subfamily B
compared to five and 24 in C. elegans. It reflects that some ABC transporter genes in
these two subfamily might not be essential for H. bacteriophora to confront host

evironment or be compensated by ABC trnasporter genes in its symbiotic bacteria.
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Figure 3.59: Phylogenetic analysis between H. bacteriophora and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in H. bacteriophora and C. elegans. ABC
transporter genes in C. elegans were highlighted by different color representing for different
subfamilies. All ABC transporter gene names in H. bacteriophora were assigned based on ABC
transporter genes in C. elegans by applying the name rule.
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3.16. Annotation of ABC transporter genes in P. redivivus

P. redivivus, which is also known as the “microworm” is a small, free-living
nematode found in soil and it has been used as a model system to understand the
evolution of developmental and behavioral processes given its phylogenetic distance to C.
elegans (Sternberg and Horvitz 1981). After applying the annotation pipeline to P.
redivivus, we obtained 105 ABC transporter gene candidates with 91 ABC transporter
gene candidates from InterProScan searches and 14 additional ones from BLAST
searches. None of these candidates was due to contamination. 44 of 105 candidates were
high-quality ABC transporter genes. All of these 44 genes encoded appropriate TM
domain (s). After improvement, we generated 11 revised gene models of high-quality, five
of which with only TM domain improved (Table 3.16). Pan_g2208 was annotated as a full
ABC transporter gene in subfamily B. However, one of its ABC domains was much longer
(181 aa) than expected. After improvement, the revised gene model encoded two typical
ABC domain (Figure 3.60). Another example shows TM domain improvement.
Pan_g13159 merged with its neighboring gene Pan_g13157, leading to an increase
number of TM helices, from 10 to 12. Thus, the new gene model had typical number of
TM helices forming two TM domains (Figure 3.61). For the remained candidates that were
still defective, five of them contained some technique errors in their genomic region.
Therefore, they could be complete ABC transporter genes when these region are fully
sequenced and assembled. For example, Pan_g12794 was annotated as a full ABC
transporter gene in subfamily B but only encoded one typical ABC domain. We found a
sequencing gap within this gene, which might cause the incompleteness of this ABC
transporter candidate (Figure 3.62). In summary, we annotated 59 high-quality ABC

transporter genes in P. redivivus, 56 of which had appropriate TM domains (s) (Table 3.16).

Although a large number (94) of ABC transporter gene candidates identified in
previous study through InterProScan search (Srinivasan et al. 2013), the quality of these
candidates was not evaluated. Moreover, the ABC transporter genes they obtained were
mostly likely the ones (91) that we identified from InterProScan search. Considering the
improvement and evaluation we made, it is reasonable that 59 high-quality ABC

transporter genes were characterized in P. redivivus.
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High-quality ABC transporter genes in P. redivivus after revision

Table 3.16
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Figure 3.60: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Pan_g2208 was annotated as a full ABC transporter gene in subfamily B enconding
one of its ABC domain was longer (181 aa) than expected. The defective ABC domain was
improved (145 aa) in the revised gene model.
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Figure 3.61: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Pan_g13159 was annotated as a full ABC transporter gene in subfamily B. As a result
of merging Pan_g13159 and Pan_g13157, the revised gene model had an increase number of
TM helices (12), clustering in two TM domains.
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Figure 3.62: A representative case that sequencing error could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

Pan_g12794 was annotated as a full ABC transporter gene in subfamily B but only had one

satisfying ABC domain. By checking its genomic region, we found a sequencing gap within this

gene, which might cause the incompleteness of this ABC transporter candidate.

Through phylogenetic analysis, we found 23 out of 59 ABC transporter genes in P.
redivivus showed one-to-one orthologous relationship with the ABC transporter genes in
C. elegans. We assigned the gene names for ABC transporter genes in P. redivivus based
on their relationship with ABC transporter genes in C. elegans (Figure 3.63). The totla
number of ABC transporter genes in P. redivivus is very close to that in C. elegans. But
less than half of these genes shared orthologous relationship with those in C. elegans,
reflecting its phylogenetic distance to C. elegans. Subfamily B was more diverse between
these two species. Most interestingly, hmt-1, a half ABC transporter gene in subfamily B,
which is required for heavy metal detoxification in C. elegans (Schwartz et al. 2010), had
four orthologs (Pre-hmt-1, Pre-hmt-2, Pre-hmt-3 and Pre-hmt-4) in P. redivivus. This
expansion in this particular gene may explain the high level of copper tolerance reported
in P. redivivus, which has been shown to have higher tolerance to copper than C. elegans
or P. pacificus (Boyd and Williams 2003).
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Figure 3.63: Phylogenetic analysis between P. redivivus and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in P. redivivus and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in P. redivivus were assigned based on ABC transporter genes in

C. elegans by applying the name rule.
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3.17. Annotation of ABC transporter genes in M. hapla

M. hapla known as the Northern Root-Knot Nematode because it is a major
pathogen of plants in cooler environments throughout the world (Wang et al. 2010). It
represents not only the smallest nematode genome (54MB) but also the smallest
metazoan genome. It defines a platform for elucidating mechanisms of parasitism
(Opperman et al. 2008). After applying the annotation pipeline to M. hapla, we identified
29 ABC transporter gene candidates (26 candidates from InterProScan searches, three
additional ones from BLAST searches). It is a much smaller number compared to that of
the other nematode studied in this project, probably due to its small genome size. None
of these candidates was due to contamination. 10 of 29 candidates were characterized to
be high-quality ABC transporter genes. All of these 10 genes encoded appropriate TM
domain (s). For the 19 defective candidates, we tried to further improve them. We
generated five revised gene models of high-quality, two of which with only TM domain
improved (Table 3.17). A representative case for exon improvement is
MhA1_Contig271.frz3.gene24. It was annotated as an ABC transporter gene in subfamily
F but had one of its ABC domains defective (119 aa). The revised gene model contained
a slightly improved ABC domain (124 aa) (Figure 3.64). Another representative case for
TM domain improvement showed in Figure 3.65. MhA1_Contig199.frz3.genel2 was
annotated as a half ABC transporter gene in subfamily B. However, it lost a part of TM
domain (only three TM helices). After improvement, we generated a new gene model by
merging MhA1_Contig199.frz3.genel2 and MhA1_Contig199.frz3.genel4. The revised
gene model encoded an improved TM domain with 10 TM helices (Figure 3.65). Three
candidates that could not be improved. In summary, we annotated 24 high-quality ABC
transporter genes in M. hapla, all of which had appropriate TM domain (s) (Table 3.17).
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High-quality ABC transporter genes in M. hapla after revision

Table 3.17

1£9 L 6g0e WL1/-09v|  Geusbrezy/01bBuod LyuN|  Geusbezy /0LbuoD LYUN|  Z-um-eyN
£eg 6| olsz WIZ-08v| ZoUebezive1 20100 \VUN| Zouebezy veLdolon un|  1umeu|
689 af emie 0gv-0gv| geusbgzy e/ 1bpu0d YN[ geusbezyses1Bpu0d LUN|  £-joqe-eyn
panoJdu asem suox3[ 009 vl v6ve 0av-0ay| tzeusbezy'| zbuod | WUN| pzeusbezy| Z0muod LWUN|  Z4oqe-euN]| 4
965 | alee 0av-0gy|  6ousbezy6ZbIU0Y | YUN|  GoUSD ez 6ZBRUOD LYUN|  L-oqe-eun
909G o veoz ogv-0gv| ¢leusbezyGlebiuod | yw| ¢leusbezyGlebiuod LyyN| 4-eoqe-eyn| 3
panoJduwi asem suox3[ 119 W 9zse 09v-INLG|  6eusb'czyZIE0IU0D LYUN|  GBUSD'EZyZL60RU0D LYYN| - €-dwd-eypy
169 a| zeoe 0av-INLG| 1eushiezyge9LbauoD LyuN| |eushy¢zy'g69Lbau0D LYYN| - z-awd-eypy d
8¢l ee| 180L] oav-wL-Ogv-WL| €0i8usbezyggbiuod L wyN| €0i8usbezyggbuod LyUN| - g-diw-eyn
601 1Z|  6609| oav-WL-Ogv-WL| 1eusbyezy6/0z08u0d LWUN| Leustyezy'6/0Z0u0d LYUN|  Z-diw-eyp
rl vz| 8699 Oav-NL-O8v-WL| zausbyezyey/Lbouod” L YN[ zoustyezy ey LBsuod LYYN| - G-ciw-eypy
LEGL G2[0199|  DEV-WL-D8V-IL| Geuebezi99g BIioy [VUN| GousbeZyeoaIBlon IUn|  cdme| O
1Sl g|  e9e6| oav-wL-Ogv-WL| geustyezy Lozbyuod L wyN|  geustyezy Lozbuod LyUN|  Z-diw-eyp
0551 ze|  ecooz| oav-WL-Ogv-WL| €eusbrezyygGibuuod L wyN| geustyezy ygG ooy L yUN|  L-diw-eyn
601 ze| zeeLl ogv-WL-0av-WL| teuerezyzzoBiuod L wun| leushiczyzzobiuod Lwuin|  g-dbd-eyp
9821 oz| 7896 oav-wL-Ogv-WL|  1eusbygzy9 BjuodTLwuN|  Leustyezy 9 buod L U] - z-dbd-eyp
g_%mwmmmmwmﬂw%mmMMMM“”Mw|a“x G0zl Ge| 98901 oav-wL-ogv-wL|  6/eusbezyoBiuodTIvuN|  6/eusBezyoBuodTLYUN| 04-dbd-eyn
UOpo0 J1Els ON ‘panoidwil siemsadley 1| 202 L] zeoe ogv-INL6|  gaustyczyglzbiuod LyyN| eausbyiezyglzbauod LyyN|  4-uiy-eypn
uopod Jels ON 6®>o‘_n_E_ 9IoM
seoljay N1 ‘gleusbezy 66 b0uod T LUN| 218 0z|  9sss oav-wiol| z1ousbezyeelBiuoy Lvun| zieusbezyesiBiuog L vum|  6vey-eyn|  ©
im abiaw sem |ausb gzl 66161uU0D L YUN
2L el eeve 08v-WLG[ zausbiezy'ggz)bauod | u| zeusbiczyggzLbiuod LyuiN[  9+ey-eun
Gyl a2l eeee 0gv-INL8| 28usbezyge0LbIuoD LyyN| Zousbezyge0LbauoD LYYN|  zvey-euyn
9L v LL28 09v-INLG| zleusbezyeeabauod LyuN| ¢leushezyeesbauod LYyN|  Lvey-eypn
10/ v 98.z 09v-IN19|  98usbezygegbiuoy LyyN|  9eush'ezygegbauod LyY| 4-wige-eyp
8Lyl vz|  z819| ogv-WLL-O9v-WLL|  geusbezyeggbiuod LyyN|  geushezyeggbiuod LUl pge-eum| v
SjusWWOoY gousi| Jequinu ueds uogeziuefio urewoq al leuibuo all sweususag|ssen
uiglold|  uox3|oiwouss o ' o

203



MhAL_Contig271:43955. 46449
adk 45k 46k

HornBase gene nodel
MhALl_Contig271.frz3.gene2d
C 1 i i |

PREDICTED protein_coding

ABC revised gene nodel

F_T27E9.7
I o, — - — e . e e
PID:69.92-Cover:96.3

ABC final gene nodel
Mha-abcf-2

1 o

ok 0.k 0.k 0.3k 0.k 0.5k 0.6k O./k 0.8k 0.9k 1k 1.0k d.zk 1.k 1.0k 1.5k 1.6k 1.k 1.8k 1.9k 2k 24k 2.2k 2.0k 2.0k

Mha-abcf-2 ! Y i ™ ¥
: ABC domain : Motif A mm  : Motif C mm  : Motif B

Figure 3.64: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. MhA1_Contig271.frz3.gene24 was annotated as an ABC transporter gene in subfamily
F but had one of its ABC domains defective (119 aa). The revised gene model contained two
ABC domains, one of which was slightly improved (124 aa).
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Figure 3.65: A representative case that the TM domain of an ABC transporter
gene was improved
“‘WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. MhA1_Contig199.frz3.genel2 was annotated as a half ABC transporter gene in
subfamily B. However, it lost a part of TM domain with only three TM helices. The revised gene
model as a result of merging MhA1_Contig199.frz3.genel2 and MhA1_Contig199.frz3.genel4
into one, had an improved TM domain with 10 TM helices.
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Through phylogenetic analysis, we found 19 out of 24 ABC transporter genes in
M. hapla showed one-to-one orthologous relationship with the ABC transporter genes in
C. elegans. We assigned the gene names for ABC transporter genes in M. hapla based
on their relationship with ABC transporter genes in C. elegans (Figure 3.66). Except for
subfamily E and subfamily F, other subfamilies had different levels of gene contractions in
M. hapla when compared to those in C. elegans. It is consistent with significantly fewer
genes encoded by M. hapla than those encoded by the free-living nematode C. elegans
(Opperman et al. 2008).
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Figure 3.66: Phylogenetic analysis between M. hapla and C. elegans

Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in M. hapla and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in M. hapla were assigned based on ABC transporter genes in C.
elegans by applying the name rule.
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3.18. Annotation of ABC transporter genes in M. incognita

The Southern root-knot nematode M. incognita, a close nematode species to M.
hapla, is able to infect the roots of almost all cultivated plants (Trudgill and Blok 2001),
making this nematode a key model system for the understanding of metazoan adaptations
to plant parasitism (Caillaud et al. 2008). After applying the annotation pipeline to M.
incognita, we obtained totally 36 ABC transporter gene candidates (30 candidates from
InterProScan searches, six additional ones from BLAST searches), similar to that in M.
hapla. None of these candidates was due to contamination. 10 of 36 candidates were
characterized to be high-quality ABC transporter genes. All these 10 gene encoded
appropriate TM domain (s). For the 26 defective candidates, we tried to further improve
them. We generated 13 revised gene models of high-quality, five of which with only TM
domain improved (Table 3.18). Among those improved genes, Min01947 was annotated
as an ABC transporter gene in subfamily E but one of its predicted ABC domains was
defective only with a length of 37 aa. Its adjacent gene, Min01946 was also annotated as
a member in subfamily E encoding a defective ABC domain (33 aa). After improvement,
the defective ABC domain was revised to be a high-quality one with a length of 140 aa
(Figure 3.67). The TM domain of a half ABC transporter gene in subfamily B was improved
by merging Minc12057 (containing a high-quality ABC domain) and Minc12058
(containing proper TM domain), shown in Figure 3.68. Five candidates without technique
errors could not be improved. Taking together, we annotated 24 high-quality ABC
transporter genes in M. incognita, all of which had appropriate TM domain (s) (Table 3.18).
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High-quality ABC transporter genes in M. incognita after revision

Table 3.18:
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Figure 3.67: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. Min01947 was annotated as an ABC transporter gene in subfamily E but one of its
predicted ABC domain was defective only with a length of 37 aa. The revised gene model was a
result of merging Min01947 and Minc09146 and encoded two typical ABC domains.
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Figure 3.68: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. The TM domain of a half ABC transporter gene annotated in subfamily B was improved
by merging Minc12057 (containing a high-quality ABC domain) and Minc12058 (containing proper
TM domain).
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Through phylogenetic analysis, we found 13 out of 24 ABC transporter genes in
M. incognita showed one-to-one orthologous relationship with the ABC transporter genes
in C. elegans. We assigned the gene names for ABC transporter genes in M. incognita
based on their relationship with ABC transporter genes in C. elegans (Figure 3.69). There
was no annotated ABC transporter gene both in subfamily G and H in M. incognita. Gene
contractions happened in subfamily A, B, C and D in M. incognita compared to those of C.
elegans. Gene expansion occurred in subfamily E and subfamily F in M. incognita, which

are discussed more in the next chapter (Chapter 4).
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Figure 3.69: Phylogenetic analysis between M. incognita and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in M. incognita and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in M. incognita were assigned based on ABC transporter genes in
C. elegans by applying the name rule.
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3.19. Annotation of ABC transporter genes in A. suum

A. suum, is also known as the large pig roundworm or the large white worm. It is a
species of parasitic roundworms that infects pigs and wild boars worldwide (Jex et al.
2011). After applying the annotation pipeline to A. suum, we identified in total 78 ABC
transporter gene candidates with 52 candidates from InterProScan searches and 26
additional ones from BLAST searches. One of these candidate, GS_12616 was due to
contamination which were excluded from our further analysis. Among 77 candidates, 17
were high-quality ABC transporter genes. All of these 17 genes also encoded appropriate
TM domain (s). For the 60 defective candidates, we tried to further improve each of them.
20 revised gene model were high-quality, five of which with only TM domain improved
(Table 3.19). GS_ 10626 was annotated as a half ABC transporter gene in subfamily G.
But it did not encoded ABC domain. After improvement, a revised gene model was
obtained with a high-quality ABC domain encoded by the newly generated exons (Figure
3.70). Another representative case is for merging three candidate genes (GS_08719,
GS_12341 and GS_19586) into a high-quality ABC transporter gene. This revised gene
model encoded two high-quality ABC domains (Figure 3.71). TM domain could also be
improved by merging adjacent candidates. For example, GS_16376, was merged with
GS_22937 and GS_05523 to form a half ABC transporter gene in subfamily B (Figure
3.72). After improvement, 17 candidates could not be further improved to be high-quality
ABC transporter genes. One of them with a sequencing gap could be a complete ABC
transporter gene when genome assembly is improved (Figure 3.73). In summary, we
annotated 38 high-quality ABC transporter genes in A. suum, 35 of which had proper TM
domain (s) (Table 3.19).
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High-quality ABC transporter genes in A. suum after revision

Table 3.19
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Figure 3.70: A representative case that the exons of one defective ABC

transporter gene were improved

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. GS_10626 was annotated as a half ABC transporter gene in subfamily G but without
any predicted ABC domain. The revised gene model had a high-quality ABC domain encoded by
the newly generated exons.
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Figure 3.71: A representative case that three adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. GS_08719, GS_12341 and GS_19586 were merged into one single ABC transporter
gene which encoded two high-quality ABC domains, making the revised gene a high-quality ABC
transporter gene in subfamily B.
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Figure 3.72: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. GS_16376, was merged with GS_22937 and GS_05523 to form a half ABC transporter
gene in subfamily B. The revised gene model encoded improved TM domain, nine TM helices
compared to three in the original gene model.
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Figure 3.73: A representative case that sequencing error could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

GS_01780 was annotated as a half transporter gene in subfamily G but had a defective ABC

domain (70 aa) due to sequencing gap.
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Through phylogenetic analysis, we found 23 out of 38 ABC transporter genes in A.
suum showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned the gene names for ABC transporter genes in A. suum based on
their relationship with ABC transporter genes in C. elegans (Figure 3.74). Gene contration
in all the subfamilies except for subfamily E and subfamily F in A. suum compared to those
in C. elegans. ABC transporter genes in A. suum were generally much longer than those
in C. elegans, relating primarily to expansions of intronic regions. This observation is
consistent with genome assembly and annotation results which showed a 273 Mb genome

but a total number of 18500 protein-coding genes in A. suum (Jex et al. 2011).
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Figure 3.74: Phylogenetic analysis between A. suum and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in A. suum and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in A. suum were assigned based on ABC transporter genes in C.

elegans by applying the name rule.
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3.20. Annotation of ABC transporter genes in L. loa

L. loa, or the African eyeworm, is a filarial worm that causes severe eye disorders
in humans. Unlike most filariae, L.loa does not contain the obligate intracellular Wolbachia
endosymbiont (Desjardins et al. 2013). The worm larvae are transmitted to humans
through Chrysops fly bites (Padgett and Jacobsen 2008). L. loa affects an estimated 13
million people and causes chronic infection usually characterized by localized
angioedema (Calabar swelling) and/or subconjunctival migration of adult worms across
the eye (Abraham et al. 2001; Desjardins et al. 2013). After applying the annotation
pipeline to L .loa, we obtained 32 ABC transporter gene candidates (26 candidates from
InterProScan searches, six additional ones from BLAST searches). Of all the 32
candidates, none was due to contamination. After examining the quality of all candidates,
we identified 12 high-quality ABC transporter genes. All of these 12 gene also encoded
appropriate TM domain (s). For the defective candidates, we tried to improve their gene
models. We generated seven revised gene models of high-quality, three of which with only
TM domain improved (Table 3.20). For example, LOAG_18368 and LOAG_09104, both
of which had one high-quality ABC domain, were merged together into a single high-
quality ABC transporter gene. The revised gene was characterized as a full ABC
transporter gene in subfamily C (Figure 3.75). Another representative case is for TM
domain improvement, LOAG_07083 was annotated as a half ABC transporter gene in
subfamily D but it did not encode any TM domain. After improvement, LOAG_07084 was
merged with LOAG_07083, forming a high-quality ABC transporter gene with six TM
helices in TM domain (Figure 3.76). For the remaining 6 candidates, five of them could not
be further improved to be high-quality ABC transporter genes. One defective candidate
which was located in the end of the contig could be a complete ABC transporter gene
when the genome assembly is improved (Figure 3.77). Taking together, we annotated 20
high-quality ABC transporter genes in L .loa, all of which had appropriate TM domain (s)
(Table 3.20).
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High-quality ABC transporter genes in L. loa after revision

Table 3.20
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Figure 3.75: A representative case that two adjacent candidates were merged
into one high-quality ABC transporter gene
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. LOAG_18368 and LOAG_09104, both of which had one high-quality ABC domain,
were merged together into a full ABC transporter gene in subfamily C.
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Figure 3.76: A representative case that the TM domain of an ABC transporter
gene was improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“ABC final gene model” track includes high-quality ABC transporter gene models. Yellow
highlighted region represents for ABC domains; Green highlighted region represents for Walker
A; Red highlighted region represents for Signature C; Blue highlighted region represents for
Walker B. LOAG_07083 was annotated as a half ABC transporter gene in subfamily D but it did
not contain any TM domain. The revised gene model was a result of merging LOAG_07084 and
LOAG_07083 and was annotated as a high-quality ABC transporter gene with six TM helices in
TM domain.
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Figure 3.77: A representative case that technical issues could result in
incompleteness of an ABC transporter gene candidate

“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track

includes gene models annotated using genBlastG and C. elegans orthologs as query proteins.

LOAG_05152 which was located in the end of the contig encode only one ABC domain. The

genome assembly error could lead to this truncated ABC transporter gene.

Through phylogenetic analysis, we found 16 out of 20 ABC transporter genes in L.
loa showed one-to-one orthologous relationship with ABC transporter genes in C. elegans.
We assigned the gene names for ABC transporter genes in L .loa based on their
relationship with ABC transporter genes in C. elegans (Figure 3.78). ABC transporter
genes in L. loa showed gene contractions in all the subfamilies except for subfamily E, F,
a similar gene contraction to those in the two plant parasites (M. incognita and M. hapla),

suggesting a common parasitic metabolism they shared.
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Figure 3.78: Phylogenetic analysis between L. loa and C. elegans

Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in L. loa and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in L. loa were assigned based on ABC transporter genes in C.
elegans by applying the name rule.
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3.21. Annotation of ABC transporter genes in B. malayi

B. malayi is a nematode (roundworm) that cause Lymphatic filariasis and river
blindness, threatening hundreds of millions of people in the developing world (Ghedin et
al. 2007; Knopp et al. 2012). B. malayi is transmitted by mosquitoes and is restricted to
South and South East Asia and was chosen for whole genome sequencing because it is
the only major human filarial pathogen that can be maintained in small laboratory animals
(Ghedin et al. 2007; Erickson et al. 2009). After applying the annotation pipeline to B.
malayi, we identified 33 ABC transporter gene candidates with 23 from InterProScan
searches and 10 additional ones from BLAST searches. After contamination filtering
process, none of these 33 candidates was due to contamination. Then, we checked the
guality of these candidates and found 15 of them were high-quality ABC transporter genes.
All these 15 gene encoded appropriate TM domain. After trying to further improve the 18
defective candidates, we generated only two revised gene models of high-quality (Table
3.21). One of the improved gene models was Bm3496, the original model of which was
annotated as a full ABC transporter gene in subfamily C but encoded a short protein (873
aa) with only one good ABC domain. After improvement, the revised gene model encoded
a longer protein (1350 aa) with two high-quality ABC domains (Figure 3.79). The new gene
model was supported by RNA-seq data. Another improved candidate, Bm3156 was
annotated as a half transporter gene in subfamily G but encoded a defective ABC domain
(57aa 1.10E-06). After improvement, the revised gene model extended to include the
neighboring region, making this gene much longer than before. Most importantly, the new
gene model of Bm3156 had its 13 introns supported by RNA-seq data and the predicted
ABC domain was examined to be high-quality (Figure 3.80). For the remaining 15
candidates, they could not be further improved to be high-quality ABC transporter genes
and most of them were random hits from BLAST searches. In summary, we annotated 19
high-quality ABC transporter genes in B. malayi, all of which had appropriate TM domain
(s) (Table 3.21).

Although 33 putative ABC transporter genes are found in previous study (Liu et al.
2011), the author demonstrates that B. malayi draft genome contains many gaps that have
resulted in incomplete sequence information for some of the ABC transporter genes. For

instance, they identify six ABC transporter genes with two ABC domains but no TM domain
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and seven ABC transporter genes even without ABC domain only with a single TM domain.
Therefore, it is not surprising that we found a smaller number of high-quality ABC

transporter genes than that of previous study.
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High-quality ABC transporter genes in B. malayi after revision

Table 3.21:
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Figure 3.79: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. The original model of
Bm3496 was annotated as a full ABC transporter genes in subfamily C but encoded a short
protein (873 aa) with only one good ABC domain. The revised gene model encoded a longer
protein (1350 aa) and also encoded two high-quality ABC domains, supported by RNA-seq data.

231



Bmal_ua_scafrold254:53..670?

-y
2L
ol
=~
=
=T

6k 5k 3k
MornBase gene nodel
Bm3156
ABC revised gene nodel
G_FO2E11.1
= = = =
PID:51.94-Cover:96.83
HornBase RNA-se:
g::::::} ) = = = = 1 I > O = e e
ABC final gene nodel
Ema-wht-4
- o = o——— =

ok 0.tk 0.2k 0.5 0.4k 0.5 0.6k 0.7k 0.8k 0.9k 1k 1.k 1.2k 4.3k 1.k 1.0k 1.6k L.k 1.8k 1.9k 2k 2.k 2.2k 2.0K
Bma-wht-4 ' E

1 ABC domain : Motif A mmm  : Motif C mmm : Motif B

Figure 3.80: A representative case that the exons of one defective ABC
transporter gene were improved
“WormBase gene model” track includes original gene annotation; “ABC revised gene model” track
includes gene models annotated using genBlastG and C. elegans orthologs as query proteins;
“WormBase RNA-seq” track includes introns predicted by RNA-seq data; “ABC final gene model”
track includes high-quality ABC transporter gene models. Yellow highlighted region represents for
ABC domains; Green highlighted region represents for Walker A; Red highlighted region
represents for Signature C; Blue highlighted region represents for Walker B. Bm3156, was
annotated as a half transporter gene in subfamily G but had a defective ABC domain (57aa
1.10E-06). The revised gene model had a high-quality ABC domain with all its introns supported
by RNA-seq data.

Through phylogenetic analysis, we found 15 out of 19 ABC transporter genes in B.
malayi showed one-to-one orthologous relationship with ABC transporter genes in C.
elegans. We assigned the gene names for ABC transporter genes in B. malayi based on
their relationship with ABC transporter genes in C. elegans (Table). Generally, it showed
obvious gene contraction of ABC transporter genes in B. malayi compared to those of C.

elegans (Figure 3.81).
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Figure 3.81: Phylogenetic analysis between B. malayi and C. elegans
Phylogenetic tree was constructed using left ABC domain sequences of full transporters and the
only ABC domain sequences of half transporters in B. malayi and C. elegans. ABC transporter
genes in C. elegans were highlighted by different color representing for different subfamilies. All
ABC transporter gene names in B. malayi were assigned based on ABC transporter genes in C.

elegans by applying the name rule.
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3.22. Annotation of ABC transporter genes in O. volvulus

Human onchocerciasis, also known as river blindness, is caused by the filarial
parasite O. volvulus (Unnasch and Williams 2000). The infective larvae of O. volvulus
enter the body through the wound made by the bite of its intermediate host, black fly
(Abraham et al. 2001; Saint Andre et al. 2002). After applying the annotation pipeline to
O. volvulus, we identified in total 24 ABC transporter gene candidates with 22 candidates
from InterProScan searches and two additional ones from BLAST searches. One of these
candidates, OVOC12992 was due to bacteria contamination and was excluded from our
further analysis. Among 23 candidates, 15 were high-quality ABC transporter genes. All
of these 15 genes also encoded appropriate TM domain (s). For the eight defective
candidates, we tried to further improve. After examining the quality of revised gene models,
only two were improved to be high-quality (Table 3.22). OVOC1131 was annotated as a
full ABC transporter genes in subfamily A. Before improvement, OVOC1131 encoded two
ABC domains, one of which was defective with a length of 98 aa. After improvement,
defective ABC domain was improved to be a high-quality one in the revised gene model
(136 aa). Thus two high-quality ABC domain made this revised gene model a high-quality
ABC transporter gene (Figure 3.82). The second improved gene model resulted from
merging two genes (OVOC7820 and OVOC7820) (Figure 3.83). And the revised gene
model was annotated as a high-quality ABC transporter genes in subfamily A. Only one
candidate from BLAST searches could not be improved to be ABC transporter gene and
was believed to be random hit. In summary, we annotated 21 high-quality ABC transporter
genes in O. volvulus, all of which had proper TM domain (s) (Table 3.22).
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High-quality ABC transporter genes in O. volvulus after revision

Table 3.22:
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