
Abstract 
 
FREITAS, TORI CONSTANCE.  TGF-β  ligands from the hookworm parasite, 
Ancylostoma caninum, in larval latency and reactivation (Under the direction of Prema 
Arasu) 

The blood-feeding hookworm parasites, Necator and Ancylostoma spp., infect over a 

billion people worldwide.  Typically, developmentally arrested infective larvae (iL3) in the 

environment enter the host and mature into the adult stage in the intestine.  With 

Ancylostoma duodenale, there is an additional aspect to the life cycle whereby the larvae 

abort normal development and enter yet another state of arrest within the somatic tissues of 

the host.  At opportune times such as pregnancy, these tissue-arrested larvae reactivate and 

transmit in milk to the newborns.  The related dog hookworm, Ancylostoma caninum, is a 

major parasite of dogs and a model for human hookworms as well as the phenomenon of 

pregnancy-induced transmission of infection. 

 Transforming growth factor-beta (TGF-beta) signaling regulates developmental 

arrest and reactivation in the closely related free-living nematode, Caenorhabditis elegans.  

Using an in vitro feeding assay, we have previously shown that recombinant mammalian 

TGF-beta can reactivate tissue-arrested A. caninum larvae.  This finding led to the 

hypothesis that up-regulation of TGF-beta during pregnancy resulted in the interaction of 

host ligand with parasite-encoded receptors and subsequent larval reactivation. To determine 

the role of parasite-encoded ligands in parasite development as well as the reactivation 

process, we have cloned and characterized two TGF-beta-like ligands from A. caninum.   

 The first, Ac-tgh-1 is most similar to C. elegans dbl-1, a ligand involved in regulating 

body size and male tail patterning.  At the deduced amino acid level and within the 

conserved domain, Ac-tgh-1 is 60% identical to dbl-1 and 50% to the mammalian ligand, 



bmp-2.  Based on RT-PCR results, Ac-tgh-1 transcript is present at all stages tested, namely, 

the embryo, first and second larval stages (L1/L2), iL3, serum stimulated L3 (ssL3), and 

adult male and female.  Using polyclonal antibodies generated in rabbits against 

recombinant Ac-TGH-1, protein is detected at the iL3, ssL3, and adult stages.  This 

expression pattern matches that of C. elegans dbl-1. 

 The second parasite-encoded ligand, Ac-tgh-2, is most similar to C. elegans daf-7, 

the TGF-beta-like ligand involved in the arrest and reactivation pathway of the free-living 

nematode.  Within the conserved domain, Ac-tgh-2 shares 60% amino acid identity to C. 

elegans daf-7 and 28% to mammalian TGF-beta1.  Ac-tgh-2 transcript and protein is 

detected at all stages tested.  This expression profile is different from that found with C. 

elegans daf-7, as daf-7 is not expressed in the arrested state equivalent to the A. caninum 

iL3.  This difference may be unique to parasitic nematodes that undergo an obligate state of 

developmental arrest.  Immunofluorescent studies suggest Ac-TGH-2 is expressed in the 

anterior chemosensory region of the worm, similar to the expression pattern of the C. 

elegans DAF-7 protein. Functional assessment of the two ligands was attempted through 

antibody cross-reactivity studies, an immunization trial and RNA interference trials.   

Developmental arrest and reactivation is a complex process resulting in metabolic 

and structural alterations to the developing worm requiring the differential expression of a 

number of genes.  Two studies were conducted to determine the expression profile of 

arrested versus in vitro reactivated A. caninum L3s using (1) C. elegans cDNA clones in a 

‘macroarray’ format and (2) A. caninum cDNA clones in a microarray format.  Both studies 

showed trends in gene expression similar to that of C. elegans and we also showed that 



similarity exists between nucleotide sequences of C. elegans and A. caninum enabling the 

use of selected C. elegans cDNAs to isolate A. caninum homologs.     

Deciphering the molecular aspects of A. caninum arrest and reactivation through 

further functional analyses of parasite-encoded signaling molecules such as TGF-beta 

homologs and genome-wide expression profiles will advance our understanding of the 

intricate developmental stages of the parasite and its interaction with the host. 
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1. Introduction 
 

Ancylostoma caninum is a blood-feeding intestinal parasite of dogs and is one of the 

two major parasitic infections in our pet dog population.  A. caninum is closely related to the 

human hookworm parasites, A. duodenale and Necator americanus, which infect over 1 

billion people throughout the world (De Silva, et. al., 2003).  These parasites can cause iron 

deficiency anemia resulting in retarded physical and cognitive development in children and 

even death in puppies with severe infections (Lozoff, et al., 1991; Kassai, 1999).  

In general, nematodes develop from the egg, undergoing four consecutive larval 

molts before becoming sexually mature adult worms. An interesting aspect of the life-cycle 

of A. caninum and A. duodenale is the opportunity for two states of developmental arrest.  

The first occurs in the environment prior to infecting a host.  The non-feeding, infective 

third stage larva (iL3) in the soil cannot continue development until it receives reactivating 

cues from the host upon infection.  The second opportunity arises within the host itself.  

Once the L3 is inside the host, it can choose one of two developmental pathways: either to 

continue development to a blood-feeding adult or become an arrested L3 in the surrounding 

tissues of the host.  These tissue-arrested L3’s again rely on host-derived signals for 

reactivation, occurring in times of stress or pregnancy (Stone and Girardeau, 1968).  If the 

tissue-arrested L3’s are reactivated, they can either re-establish infection in the intestines of 

the original host, or move to the mammary glands and be passed to nursing puppies (in the 

case of A. caninum) or babies (in the case of A. duodenale) through milk (Stone and 

Girardeau, 1968).  While there are many classes of drugs that efficiently eliminate the adult 

worm in the intestine, these same drugs have limited efficacy against the tissue-arrested L3s 
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which remain as a reservoir of parasites that can reactivate and/or transmit to new hosts 

thereby maintaining the high prevalence of hookworm disease (Arasu, 1998; Stoye, 1973). 

To understand the signals responsible for reactivating these developmentally arrested 

parasites, parallels have been drawn to mechanisms of arrest/reactivation in the related free-

living nematode Caenorhabditis elegans (Hotez, et al., 1993; Burglin, et al., 1998).  The 

hookworm parasites fall within the same clade as C. elegans in the phylum Nematoda, i.e. 

Clade V (Blaxter, 1998); it is therefore reasonable to believe that many developmental 

controls are shared between C. elegans and A. caninum.  C. elegans becomes a dauer, or 

developmentally arrested larva, as a mechanism of surviving harsh environments, i.e., high 

population density and temperature, and low food availability (Cassada and Russell, 1975).  

Three separate signaling pathways have been shown to control dauer entry including a 

cGMP, an insulin-like, and a TGF-beta pathway (Riddle and Albert, 1998).  Activation of 

these pathways, through ligand-receptor binding, results in non-dauer continued 

development or reactivation from the arrested state.  These three pathways represent only 

the first of a series of elaborate mechanisms in dauer maintenance and exit, as many genes 

are differentially expressed between the dauer and non-dauer states of the worm (Wang and 

Kim, 2003; Jones, et al., 2001).   

We and others have hypothesized that tissue-arrested L3 larvae of A. caninum could 

receive signals from the infected host resulting in activation of these three pathways and 

resumption of development from the arrested state (Hawdon and Schad, 1990; Hawdon and 

Schad, 1991).  These signals could be direct or indirect.  With direct activation, the worm 

could use host-derived ligands to activate signaling through parasite-derived receptors. 

Indirectly, signals from the host could up-regulate parasite-derived ligands.  Experimental 
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evidence suggests all three signaling pathways potentially play a role in A. caninum 

reactivation (Tissenbaum, et. al., 2000; Arasu, 2001; Hawdon and Datu, 2003), however, 

this project focuses largely on the TGF-beta pathway.  It has previously been shown that 

recombinant mammalian TGF-beta can reactivate tissue-arrested L3’s by stimulating them 

to feed at levels comparable to the stimulatory effects of dog serum (Arasu, 2001).  If A. 

caninum larvae have TGF-beta-like receptors that bind and stimulate a response to 

mammalian TGF-beta, what of endogenous parasite-encoded TGF-beta-like ligands? Are 

they present, do they share homology to the mammalian molecules, when are they expressed 

and functional? 

Hookworm infections can last for months without treatment.  These parasites do not 

reproduce within the host and also cannot evade the immune system through rapid antigenic 

variation as displayed by protozoan parasites such as Trypanosoma or Plasmodium malarial 

parasites (reviewed in Donelson, 2003; Flick and Chen, 2004).  This restriction requires the 

parasite to escape immune attack through mechanisms like immune modulation (Maizels, et 

al., 2001).   In addition to regulating larval development, parasite-encoded TGF-beta-like 

ligands may be similar enough to mammalian ligands to interact with host receptors 

(Gomez-Escobar, et al., 2000).  Members of the TGF-beta superfamily of signaling proteins 

have many different functions including actively suppressing the immune response (Shull, et 

al., 1992).   If TGF-beta-like ligands expressed by the parasite act specifically as TGF-beta 

agonists within the host, they could cause an immunosuppressive state allowing successful 

evasion of the immune response. 

This dissertation largely concerns the cloning and characterization of the A. caninum 

TGF-beta-like ligands.  By genome sequencing and molecular analyses, it is known that C. 
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elegans encodes five separate TGF-beta-like ligands.  We focused on the ligand associated 

with larval arrest and reactivation as well as the homolog associated with regulation of body 

size.  Characterization of the two A. caninum TGF-beta homologs involved sequence 

comparison to the C. elegans and mammalian ligands as well as the sequencing of the 

corresponding genes in A. caninum, thereby identifying two of the longest known genes 

from the parasite.  Protein and gene expression profile analyses of the two A. caninum 

ligands showed similarities and differences from C. elegans; Ac-tgh-1 displayed a similar 

profile while Ac-tgh-2, the ligand involved in arrest/reactivation, showed a different profile 

suggesting unique functions in the development of the parasite as opposed to its free-living 

counterpart.  Interestingly, immunofluorescent localization studies with Ac-TGH-2 shows a 

similar spatial expression pattern to that of the C. elegans homolog.  To elucidate the 

function of the ligands, a study to determine their relatedness to mammalian TGF-beta 

superfamily members through antibody cross-reactivity and an initial vaccination trial is 

presented.  Further, an RNA interference experiment to attempt the targeted knock-down of 

A. caninum TGF-beta transcripts is described.   

The developmental process of arrest and reactivation is complex involving the 

differential expression of many genes.  A further aspect of this dissertation project involves 

determining the expression profile of arrested versus in vitro reactivated L3s.  This was 

accomplished using two separate methods.  One study used a ‘macroarray’ format with C. 

elegans cDNA clones known to be involved in dauer regulation and aging to probe A. 

caninum transcripts from the two stages.  This analysis showed up-regulation of several 

transcripts upon serum stimulation, and also demonstrated the potential use of C. elegans 

cDNAs to identify the related A. caninum genes.  The second expression study done in 
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collaboration with Jennifer Moser in Dr. Greg Gibson’s laboratory (NCSU Department of 

Genetics) used 3800 A. caninum cDNAs in a microarray design and showed the up-

regulation of 72 transcripts upon serum-stimulation.  In separate studies, several of these 

transcripts were also shown to be up-regulated in C. elegans upon dauer exit.   

Altogether, we have cloned and characterized the first TGF-beta-like ligands for the 

hookworm parasite, A. caninum, and investigated the expression profile during the transition 

to parasitism from arrested to reactivated L3 states.  These studies set the stage for further 

experiments into the role of the TGF beta ligands as well as other genes in the development 

of the parasite and in the interaction between host and pathogen.    
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2. Literature Review 
 
2.1 Transforming Growth Factor-beta Signaling 
 
 Members of the TGF-beta superfamily of polypeptide ligands mediate a large 

number of physiological processes, including growth and differentiation, bone formation, 

immune response, and cell death (Massague, et al., 2000).  Representatives are found in all 

metazoans including 42 in mammals, nine in the fly and the 5 in the worm (Lander, et al., 

2001).  Expression of the signaling proteins can either be restricted to specific times during 

development or widely expressed during embryogenesis and in the adult (Massague, et al., 

2000).  The basic signaling mechanism involves ligand binding to two transmembrane 

receptors resulting in the phosphorylation of specific cytoplasmic proteins that eventually 

move to the nucleus to mediate transcriptional responses.  This conserved mechanism 

becomes more complex with the addition of inhibitors, co-factors, and other interactions 

found in the nucleus.  

2.1.1 TGF-beta 

 TGF-beta, first identified as a peptide causing the transformation of rat fibroblasts, is 

a small (~25kDa), secreted protein (De Larco and Todaro, 1978).  This superfamily of 

signaling molecules causes a range of responses in cells that receive its signal through TGF-

beta serine/threonine kinase receptors (Massague, et al., 2000).  Other members of this 

family include the bone morphogenetic proteins (BMPs), activins, inhibins, decapentaplegic 

gene complex (DPP, in Drosophila), nodal, Mullerian inhibiting substance (MIS), and the 

growth and differentiation factors (GDFs).  Based on sequence similarity and the activation 

of specific cytoplasmic signal transducers, the TGF-beta superfamily has been split into two 
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groups: the TGF-beta/Activin/Nodal subfamily and the BMP/GDF/MIS subfamily (Shi and 

Massague, 2003).   

 All members of the TGF-beta superfamily of ligands share several characteristics at 

the molecular level.  A hydrophobic signal sequence found at the N-terminus is responsible 

for secreting the protein into the extracellular environment (Massague, et al., 1992).  A basic 

(RXXR) proteolytic cleavage site allows the removal of the N-terminal pro-protein away 

from the highly conserved C-terminal mature peptide (Massague, et al., 1992).  Once 

cleaved, two C-terminal mature peptides bond by hydrophobic interactions and an 

intermolecular disulfide bridge to form the bioactive homodimer (Massague, et al., 1992).  

The presence of disulfide bonds suggests the importance of cysteine residues in the C-

terminus and in fact, there are at least six (usually seven or nine) invariant cysteines found in 

the mature peptide (Massague, et al., 1992).  These cysteines are responsible for forming the 

structure known as the “cysteine knot”; multiple intramolecular disulfide bridges and one 

intermolecular bond (Sun and Davies, 1995).  The entire protein sequence is ~390 amino 

acid long and cleavage results in ~112 amino acids in the monomer resulting in a 25kDa 

dimer.  There are two other invariant amino acid residues in a TGF-beta sequence, namely, 

proline-36 and glycine-46 (in TGF-beta2) (Daopin, et al., 1993).  These residues are 

essential for proper protein folding as no other amino acid can energetically withstand their 

conformations.   

 In 1992, the first crystal structures of TGF-beta were reported (Daopin, et al., 1992; 

Schlunegger and Grutter, 1992).  Prior knowledge had suggested that most secreted proteins 

would be globular in nature, i.e. a hydrophobic core surrounded by hydrophilic amino acids.  

TGF-beta proved to be different.  The monomer of this protein is elongated and flattened 
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with hydrophobic residues on either end and it is not until the dimer is formed that we 

observe the usual hydrophobic core with surrounding hydrophilic amino acids.  (Daopin, et 

al., 1992; Schlunegger and Grutter, 1992).  The basic structure of a TGF-beta consists of 

four anti-parallel beta-sheets (fingers) and an alpha-helix (heel) resembling a hand (Daopin, 

et al., 1992; Schlunegger and Grutter, 1992).  In the case of nine-cysteine containing TGF-

betas (TGF-beta/Activin/Nodal), eight cysteines are involved in four intrachain bonds while 

the ninth is involved in the interchain disulfide bridge bringing the two monomers together 

(Daopin, et al., 1992; Schlunegger and Grutter, 1992).  With seven-cysteine containing 

TGF-betas (BMP/GDF/MIS), six cysteines form three intrachain bonds and the seventh 

forms the interchain bridge (Griffith, et al., 1996).  It is this core of six that form the cysteine 

knot; an eight-membered ring made from two disulfide bridges with the third disulfide bond 

passing through the ring (Sun and Davies, 1995).  This knot holds the “fingers” of the 

protein together.  The invariant glycine residue is found within the eight-membered ring 

(Sun and Davies, 1995).   

2.1.2 TGF-beta Receptors  

In order to propagate signals, the ligands described above must bind to receptors on 

the cell surface.  In TGF-beta signaling, there are two types of receptors; the type I receptor 

and the type II receptor.  Both are serine/threonine kinases, however their roles in signal 

transduction are different.  The human genome encodes seven type I receptors and five type 

II receptors (Manning, et al., 2002), while the worm genome encodes two type I receptors 

and one type II receptor.  Both types of receptors are approximately 500 amino acids in 

length comprising an extracellular ligand binding domain, a transmembrane domain, and a 

cytoplasmic serine/threonine kinase domain (Massague, 1998).  The type I receptor also has 
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a “GS domain” located upstream of the kinase domain and it is this domain that will be 

phosphorylated by the active type II receptor (Massague, 1998).  Accessory receptors 

(sometimes called type III receptors) also play a role in TGF-beta signal transduction by 

aiding ligand binding (Massague, 1998).   

 Two different modes of ligand binding receptor have been described.  With TGF-

beta signaling, the ligand has a higher affinity for the type II receptor and once bound, 

recruits the type I receptor into the complex (Massague, et al., 1998).  In BMP signaling, it 

is just the opposite (Shi and Massague, 2003).  Altogether, two of each type of receptor is 

involved (Massague, et al., 1998).  With the constitutively active type II receptor now in 

close proximity to the type I receptor, it can phosphorylate serine and threonine residues 

within the GS domain of the type I receptor (Massague, et al., 1998).  This phosphorylation 

of the type I receptor releases inhibitors bound to the GS domain and increases its affinity 

for down-stream targets (Huse, et al., 2001). 

2.1.3  TGF-beta Signal Transducers  

 The activated type I receptor now has the ability to phosphorylate and activate the 

next intracellular member of the TGF-beta signaling cascade, the Smads.  Mad (Mothers 

Against Decapentaplegic) from D. melanogaster was the first Smad identified (Sekelsky, et 

al., 1995).  Cloning of homologs in vertebrates and the related sma (small) genes in the 

worm followed shortly thereafter (Savage, et al., 1996) resulting in a fusion of the names 

Sma and Mad to form the formal name, Smad (Derynck, et al., 1996).  There are three 

classes of Smad proteins, the receptor-regulated Smads (R-Smads), the cooperative Smads 

(Co-Smads) and the inhibitory Smads (I-Smads) (Shi and Massague, 2003). 
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 The R-Smads and the Co-Smads have similar molecular structures.  They are both 

~500 amino acids in length and split into an N-terminal MH1 (Mad Homology 1) domain 

and a C-terminal MH2 domain with a less conserved linker region in between (Shi and 

Massague, 2003).  The MH1 domain has DNA binding activity and inhibits the action of the 

MH2 domain (Shi and Massague, 2003).  The MH2 domain exhibits receptor interaction, 

nuclear import functions, and is responsible for the formation of Smad complexes (Shi and 

Massague, 2003).  The MH2 domain of the R-Smads also contain an important C-terminal 

SXS motif that will be phosphorylated by the type I receptor (Shi and Massague, 2003).  

Once in the nucleus, both domains interact with other proteins to transcription.  

 Smad activation in the cytoplasm begins with phosphorylation of the R-Smads by the 

activated type I receptor.  As mentioned earlier, the subfamilies of TGF-beta and TGF-beta 

receptors activate specific cytoplasmic signaling proteins; receptors of the TGF-beta 

subfamily activate homologs of the mammalian Smad-2 and Smad-3, while the BMP 

subfamily activate Smad-1, Smad-5, and Smad-8 (Shi and Massague, 2003).  Specificity of 

interaction with type I receptors is regulated by sequences in the L3 loop of the R-Smad (in 

the MH2 domain) and the L45 loop of the type I receptor (neighboring the GS domain) 

(Chen, et al., 1998; Feng and Derynck, 1997).  The R-Smads are brought into the vicinity of 

the type I receptors through membrane anchoring by SARA (Smad Anchor for Receptor 

Activation) (Tsukazaki, et al., 1998).  SARA binds the R-Smads through hydrophobic 

interactions and contains a phospholipid-binding domain that targets it to the membrane.  

The type I receptor then phosphorylates the R-Smads on their C-terminal SXS motif located 

in the MH2 domain (Abdollah, et al., 1997; Souchelnytskyi, et al., 1997), which releases it 

from SARA and the type I receptor, and exposes the nuclear localization signal (Xu, et al., 
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2000).  The phosphorylated R-Smad then interacts with the Co-Smad (Smad-4) through the 

SXS motif and a positively charged pocket within the Co-Smad (Wu, et al., 2001).   

 The activated R-Smad and Co-Smad heterodimer (or trimer) are then shuttled to the 

nucleus either through direct interaction between the MH2 domains and components of the 

nuclear pore complex (Xu, et al., 2002) or through the exposure of a lysine-rich nuclear 

localization signal (Xiao, et al., 2001).  Most R-Smads and the Co-Smad can bind DNA at 

the Smad binding element (SBE), which contains only five base pairs, 5’-CAGAC-3’ (Shi, 

et al., 1998; Dennler, et al., 1998; Zawel, et al., 1998).  Here, the Smads will interact with 

other transcription factors to either activate or inhibit the transcription of the targeted genes 

(Shi and Massague, 2003).  Depending on the cell type and condition, different co-activators 

and co-repressors will bind with the Smads at the SBE to mediate transcription.  Some 

partners of Smad transcriptional regulation include Jun/Fos, forkhead transcription factors, 

and CREBP (cAMP response element binding protein) (Shi and Massague, 2003).   

2.1.4 TGF-beta signaling: Negative Regulation 

 Just like any other signaling pathway, the TGF-beta cascade also encounters 

inhibitory regulation.  First, different proteins block the action of ligand binding to receptors 

(Groppe, et al., 2002).  For example, the pro-domain that is cleaved upon secretion remains 

attached to the mature dimer as the “latency-associated polypeptide” (LAP) (Miyazono, et 

al., 1991).  Other proteins that sequester ligand from the environment include Noggin (binds 

BMP), follistatin (binds Activin) and alpha2-macroglobulin (binds TGF-beta) (Zimmerman, 

et al., 1996; Nakamura, et al., 1990; O’Connor-McCourt, et al., 1987; Huang, et al., 1988).   

 At the receptor level, decoy receptors exist that resemble type I receptors, but have a 

shorter cytoplasmic portion.  These receptors compete with the “normal” type I receptor for 
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incorporation into the receptor complex thereby preventing proper activation of the type I 

receptor.  BAMBI (BMP and Activin receptor Membrane Bound Inhibitor) is one such 

decoy (Onichtchouk, et al., 1999).  Regulation of receptor activity also occurs on the 

cytoplasmic side with FKBP12; a protein that binds to the unphosphorylated GS domain of 

type I receptors (Chen, et al., 1997; Wang, et al., 1996).  This protein is thought to prevent 

phosphorylation of the type I receptor in the absence of ligand and block access to 

activators. 

 Negative regulation of TGF-beta signaling also occurs with the Smads.  A third 

group of Smads, the I-Smads (Smad6 and Smad7) interfere with active Smad signaling.  

Smad7 can bind to activated receptors and thus block access to the R-Smads preventing their 

activation (Hayashi, et al., 1997).  This I-Smad also binds Smurf (Smad Ubiquitination 

Regulatory Factors) resulting in the targeted degradation of the bound receptors (Ebisawa, et 

al. 2001).  Smurfs also bind to Smads directly causing their destruction in unstimulated cells 

(Zhu, et al., 1999) as well as degradation of activated Smads found in the nucleus (Lo and 

Massague, 1999).  Smad6 preferentially binds Smad4 inhibiting the interaction of the 

activated R-Smad with its Co-Smad (Hata, et al., 1998).  Also, the less conserved Smad 

linker region is subject to regulation by other signaling pathways.  Activated ERK 

(Extracellular Regulated Kinase) as part of the Ras pathway can phosphorylate R-Smads and 

prevent their localization to the nucleus (Kretzschmar, et al., 1997).  In the nucleus, Ski and 

Sno proteins negatively regulate Smad transcription by disrupting the R-Smad-Co-Smad 

complex and/or recruiting co-repressors at the DNA binding site (Liu, et al., 2001).  In the 

cytoplasm, Ski also has the ability to inhibit type I receptor phosphorylation of the R-Smad, 

Smad2 (Prunier, et al., 2003).  Smad specific phosphatases have not been identified, 
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however, de-phosphorylation remains a method of terminating Smad signaling (Shi and 

Massague, 2003). 

2.1.5 Functions of Mammalian TGF-beta superfamily members 

As mentioned previously, members of the TGF-beta superfamily affect diverse 

cellular functions.  The effects mammalian TGF-betas have on a cell depend on a number of 

factors including the differentiation state of the cell and other growth factors influencing the 

cell.  These functions can be categorized into three different groups: (1) to affect 

proliferation, (2) differentiation, and (3) cell adhesion, migration, and the production of 

extracellular matrices (Massague, 1992).   

 In most circumstances, TGF-beta-like ligands function to inhibit cellular 

proliferation.  For example, the function of GDF-8 (also called myostatin) is to inhibit the 

growth of skeletal muscle (McPherron, et al., 1997, McPherron and Lee, 1997).  Mullerian 

Inhibiting Substance (MIS) is produced by the testes of a male and causes the regression of 

the Mullerian duct; an embryonic structure present in both sexes that develops into the 

oviducts and uterus (Cate, et al., 1986).  TGF-beta1 and TGF-beta2 both inhibit proliferation 

of the T and B lympocytes of the immune system (Kehrl, et al., 1986a, Kehrl, et al., 1986b).  

Furthermore, a TGF-beta1 knock-out mouse is developmentally normal, but succumbs to a 

massive infiltration of inflammatory cells in many organs soon after weaning suggesting 

further immunosuppressive functions (Shull, et al., 1992).  An example of TGF-beta 

stimulating growth takes place when TGF-beta1 is delivered to an injured site by platelets to 

stimulate healing (Montesano and Orci, 1988).   

 Many BMPs and GDFs are responsible for differentiation of tissues and 

developmental patterning.  For example, members of the BMP-2 and BMP-5 subfamilies 
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(BMPs 2, and 4-8) are responsible for the development of nearly every organ (Hogan, 1996).  

Members of the BMP-3/osteogenin subfamily are important for the differentiation of bone 

(Sampath, et al., 1987).  In the mouse, Xenopus Nodal related-1 (Xnr-1) influences 

mesodermal patterning during development (Jones, et al., 1995). 

 Lastly, TGF-beta superfamily members can influence cell migration and the 

production of extracellular matrices.  In addition to regulating bone differentiation, the 

BMP-3 subfamily can also recruit monocytes (Cunningham, et al., 1992).  TGF-beta1 and 

TGF-beta2 stimulate the expression of matrix proteins (including collagens and elastin), 

decrease the expression of matrix proteases, and increase the production of protease 

inhibitors to protect the secreted matrix proteins (Roberts and Sporn, 1990).   

2.2 Caenorhabditis elegans 

In 1965, Sydney Brenner selected C. elegans as an ideal model organism to study 

development and the nervous system for several reasons: its ease of cultivation (feeds on E. 

coli), simple anatomy (<1000 cells in the hermaphrodite and all are categorized), short life-

span as it only takes about 50 hours from egg to fertile adult, and the two sexes are 

hermaphrodites and males (Wood, 1988).  This nematode is not only an ideal model 

organism for studying development of all metazoans, it can also be used to understand the 

biology of related animal and plant parasitic nematodes that are less easily manipulated in 

the laboratory (Hotez, et. al., 1993; Burglin, et al., 1998).  In optimal growth conditions, a C. 

elegans egg will hatch to a first stage larva (L1) and will develop through three subsequent 

larval stages (L2 through L4) in 35 hours, where transition between stages is denoted by a 

molt or shedding of the cuticle. Gonadogenesis and spermatogenesis are completed during 

the L4 stage, giving rise to a fertile adult.  The hermaphrodite adult can produce over 1000 
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offspring over its four-day fertile period and will continue to live for an additional 10-15 

days (Wood, 1988).   

2.2.1 C. elegans Developmental Arrest: The Dauer Larva 

 When environmental conditions are less favorable for survival and reproductive 

success, i.e., high population density, low food availability, and higher growth temperatures, 

C. elegans can arrest its development and wait for conditions to improve (Riddle and Albert, 

1998).  This assessment of conditions is based on chemosensory cues from the environment 

that direct developmental responses (Riddle and Albert, 1998). The decision is made during 

the L1 stage and occurs at the L2 molt resulting in an L3 dauer that is structurally, 

metabolically, and behaviorally adapted for long-term survival under harsh conditions 

(Cassada and Russell, 1975).  When the dauer larva senses conditions favorable for growth 

and reproduction, i.e., low population density, high food availability, and optimal 

temperatures, it resumes development to the adult stage (Riddle and Albert, 1998).  The 

worm takes in these environmental cues through chemosensory neurons located on the head, 

namely the ASI, ASJ, ADF, and ASG neurons (Figure 2.1).  The dendritic processes of these 

neurons are exposed to the environment through amphidial pores.   

 C. elegans uses a constitutively expressed pheromone to sense population density in 

order to determine its developmental fate (Golden and Riddle, 1982).  Little is known 

regarding the chemical structure of the family of pheromones other than it is stable, 

hydrophobic, and similar to fatty acids and bile acids (Riddle and Albert, 1998).  When 

pheromone levels are at a middle ground, the worm uses additional food and temperature 

cues to determine whether or not to become a dauer (Riddle and Albert, 1998).  Food 

availability is determined through an unstable, hydrophilic signal released by bacteria in the 
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soil, where a ratio of high pheromone and low food favors dauer development and 

maintenance (Golden and Riddle, 1984b).  Temperature is also taken into consideration at 

intermediate pheromone levels in that high temperature promotes a dauer state (Golden and 

Riddle, 1984a).   

 In order to survive harsh conditions, the dauer larva must alter its structure, 

metabolism, and behavior.  Structurally, the dauer is distinct from other stages in that its 

mouth is closed (Cassada and Russell, 1975) and the cuticle is modified allowing the larva 

to be resistant to harsh chemicals including the sodium dodecyl sulfate detergent (Swanson 

and Riddle, 1981).  The chemosensory amphidial pores remain open in order to continually 

sense the environment for cues that conditions have improved (Riddle and Albert, 1998).  

Behaviorally, the dauer does not feed and tends not to move (unless provoked) in order to 

protect energy stores (Riddle and Albert, 1998).  One movement the dauer uses to facilitate 

its transport is nictation (Riddle and Albert, 1998); this motion involves climbing a 

protruding object, rising on its tail, and waving its head in the air in order to attach to a 

passing insect or other vector to be carried to a potentially more suitable environment.  In 

metabolic terms, the dauer shifts its metabolism away from the TCA cycle and towards the 

glyoxylate cycle in order to survive long periods without food (Riddle and Albert, 1998).  

The dauer also has reduced transcriptional activity (Riddle and Albert, 1998). 

 A complex set of genes has been identified through genetic manipulation that 

controls this entry into and exit from the dauer state.  Identified through mutations that either 

result in the inability to form a dauer in dauer-inducing conditions (dauer-defective) or the 

formation of a dauer in favorable environments (dauer-constituitive), these daf (dauer 

formation) genes form a complex signaling network regulating this developmental aspect of 
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the worm.  Subsequent cloning and characterization of the daf genes has revealed the 

involvement of three signaling pathways, namely, an insulin-like, a cGMP-regulated and a 

TGF-beta pathway.   

2.2.2 Insulin-like Signaling and Dauer Regulation 

The insulin-like signaling pathway begins with a dauer-constitutive transmembrane 

tyrosine kinase insulin receptor, daf-2 (Kimura, et al., 1997).  Upon ligand binding 

(activation), this autophosphorylated receptor will activate age-1, a phosphatidylinositol-3-

OH kinase (Morris, et al., 1996; Malone, et al., 1996).  Activated age-1 will produce the 

phosphatidylinositol bis/tris-phosphate phospholipids, PIP2 and PIP3, which act as secondary 

messengers.  PIP2 and PIP3 will activate other kinases including the protein-kinase B, PKB 

(also called Akt from the viral proto-onco-gene v-akt of the AKT8 virus) and PDK (3-

phosphoinositide-dependant kinase).  Two such AKT/PKB’s have been found in the C. 

elegans genome sequence, akt-1 and akt-2, and are involved in this signaling pathway 

(Paradis and Ruvkun, 1998).  A PDK, pdk-1, was also identified and shown to mediate daf-2 

signaling (Paradis, et al., 1999).   These activated kinases then phosphorylate a fork-head 

transcription factor, daf-16, whose activity, when unphosphorylated, is to indirectly or 

directly mediate dauer formation (Ogg, et al., 1997).  Active insulin-like signaling 

presumably alters daf-16 via phosphorylation and either prevents the activation of genes 

regulating dauer formation or activates genes involved in growth.  As far as ligands to daf-2 

are concerned, 37 insulin-like proteins have been identified in the C. elegans genome 

(Pierce, et al., 2001).  When daf-28 was characterized (located in a previously unsequenced 

region of the genome), it was shown to encode an insulin-like ligand (making a new total of 

38) and has a dauer-constitutive phenotype (Li, et al., 2003).  Daf-28 is expressed in the ASI 
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and ASJ chemosensory neurons and its expression is down-regulated by dauer-inducing 

conditions.  These studies suggest daf-28 is the functional ligand for daf-2 and expression of 

which is necessary to prevent dauer formation.   

2.2.3 Cyclic GMP signaling and Dauer Regulation 

The involvement of a cGMP signal in the regulation of dauer development appears to 

be upstream of the TGF-beta pathway.  When searching for mutants that are defective in 

daf-7 expression, daf-11, a guanylyl cyclase, was isolated (Murakami, et al., 2001).  As 

described below, daf-7 is the TGF-beta-like ligand whose expression is at least partly 

responsible for preventing entry into the dauer state (Ren, et al., 1996).  Also, the dauer 

constitutive phenotype resulting from a daf-11 mutation is suppressed by expressing daf-7 in 

the ASI neuron (where daf-7 is found) giving further evidence that the expression of daf-11 

is necessary to stimulate expression of daf-7 (Murakami, et al., 2001). 

2.2.4 TGF-beta Signaling and Dauer Regulation 

 In addition to the insulin-like and cGMP signaling pathways, there is the TGF-beta 

pathway that decides between continuous development and developmental arrest in C. 

elegans.  Genetically, this pathway begins with the genes daf-1, daf-4, and daf-7.  Prior to 

cloning, these genes were identified as dauer-constitutive, because proper function of the 

genes was required to prevent dauer formation.  The first gene cloned, daf-1, encodes a 

receptor serine/threonine kinase (Georgi, et al., 1990).  Both sequence and genetic analysis 

suggests this receptor acts as the type I receptor in this signaling cascade and is expressed in 

amphidial chemosensory neurons found in the head (Figure 2.1) (Gunther, et al., 2000). A 

subsequent study cloned and characterized a second receptor, daf-4 (Estevez, et al., 1993).  

This receptor shows 30% amino acid identity in the kinase domain to daf-1, and 40% and 
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34% identity to the mouse type II activin receptor and human type II TGF-beta receptor, 

respectively (Estevez, et al., 1993).  This gave strong molecular evidence that daf-4 encoded 

the type II receptor for this signaling cascade.  The authors also demonstrate that daf-4 binds 

mammalian BMP-2 and that expression at the L1 stage is sufficient to rescue the dauer 

constitutive phenotype (Estevez, et al., 1993).   

The ligand for this receptor pair was identified through the rescue of daf-7 mutants 

with a 5kb genomic fragment that was subsequently used to screen a cDNA library (Ren, et 

al., 1996).  The resulting 1.2kb cDNA was sequenced and revealed a member of the TGF-

beta superfamily containing all the conserved characteristics including the seven cysteines 

required for proper folding (plus two cysteines found only in TGF-beta subfamily 

homologs).  This cDNA is similar to human TGF-beta homologs (34% to BMP-4 and 28% 

to TGF-beta), however it lacks several of the invariant amino acids that each subfamily has, 

possibly placing daf-7 in a new subfamily.  Through Northern analysis and daf-7 

promoter:GFP-fusion analysis, daf-7 was shown to be expressed at all stages except the 

embryo, with expression beginning four to five hours after hatching and the transcript being 

most abundant at the L1 stage.  GFP activity was identified in the ASI chemonsensory 

neuron (Figure 2.1) and starved L1’s, without pheromone, showed low levels of GFP 

expression while starved L1’s in the presence of pheromone showed no GFP expression 

(Ren, et al., 1996; Schackwitz, et al., 1996).  This suggests that pheromone is regulating the 

expression of daf-7.  Food is required for the resumption of daf-7 expression once the worm 

has entered the dauer state (Ren, et al., 1996).   

Five other daf genes were identified through genetic analysis as being part of the 

dauer regulating TGF-beta pathway through epistasis studies.  Of these remaining five, two 
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are dauer constitutive (daf-14 and daf-8) and three are dauer defective (daf-3, daf-5, and daf-

12).  The dauer constitutive genes have been shown to encode R-Smads that act to transduce 

active TGF-beta signaling to the nucleus.  Daf-14 was cloned and characterized as a highly 

irregular Smad in that it is missing the N-terminal conserved MH1 domain (Inoue and 

Thomas, 2000).  This Smad is also missing a DNA-binding domain suggesting that it may 

be an intermediate signal and does not directly regulate transcription within the nucleus.  

Daf-8 has never been formally characterized, however, it is believed to be functionally 

redundant with daf-14 as they are found at the same position in the genetic pathway (Riddle 

and Albert, 1998). 

 Downstream of the previously mentioned daf genes in the TGF-beta pathway are the 

dauer-defective genes, daf-3 and daf-5.  A mutation in either of these genes suppresses the 

dauer-constitutive phenotype of the upstream genes.  Daf-3 encodes another Smad while 

daf-5 is a new member of the Sno/Ski superfamily.  Upstream components of the pathway 

antagonize the action of daf-3, making this TGF-beta pathway unique from others as TGF-

beta signaling usually activates downstream Smads (Patterson, et al., 1997).  Furthermore, 

daf-7 signaling activity does not affect the expression or localization of daf-3, suggesting 

this antagonistic control must occur after daf-3 translocates to the nucleus (Patterson, et al., 

1997).  Daf-5 has been shown to bind to daf-3 through yeast-two hybrid analyses and like 

daf-3, is localized to the nucleus (da Graca, et al., 2004).  This, and genetic evidence, 

suggests daf-5 acts as a co-factor for daf-3 in regulating gene expression (da Graca, et al., 

2004).  Daf-5 and daf-3 probably work in the nucleus to either activate the transcription of 

genes for dauer development, or block the transcription of genes for growth (Patterson, et 

al., 1997).  Active daf-7 signaling will antagonize this action either by blocking transcription 
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of genes for dauer development, or activating transcription of genes for continued 

development.  

The last gene in the genetic pathway encodes a nuclear hormone receptor, daf-12.  

This gene has been characterized by two different groups and appears to have a less than 

straightforward effect on regulating dauer development (Snow and Larsen, 2000; Antebi, et 

al., 2000).  Dauer constitutive and dauer defective mutations have been identified for daf-12 

(Antebi, et al., 2000) suggesting it functions to both stimulate growth and development as 

well as cause dauer formation.  A unifying theme to daf-12 studies is that this receptor 

probably responds to hormones produced by cells activated by all three of the dauer 

regulation pathways (Snow and Larsen, 2000; Antebi, et al., 2000).   

2.2.5 Other TGF-beta-like ligands in C. elegans 

 Signaling ligands of the TGF-beta superfamily are found in all metazoans and three 

have been cloned and characterized from C. elegans.  The first, daf-7, as described above, is 

most similar to the TGF-beta/Activin/Nodal subfamily and is involved in regulating entry 

and exit from the developmentally arrested dauer stage (discussed above).  The second, dbl-

1, is a member of the BMP/GDF/MIS subfamily and controls body size and male tail 

formation.  The third, unc-129 is involved in guiding axon growth and like dbl-1, is most 

similar to members of the BMP subfamily. The other two, designated tig-2 and CE27471 

were predicted through genome sequence annotation. 

2.2.6 C. elegans dbl-1 and the Sma/Mab phenotypes 

 Mutations in certain C. elegans genes result in a small body size (the Sma 

phenotype) and abnormal male tail formation (the Mab phenotype).  Upon characterization 

of these genes, it was realized that many were components of a TGF-beta signaling pathway, 
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more specifically, of the BMP subfamily.  Components of the pathway include a type I and 

type II receptor, sma-6 and daf-4, respectively, and the cytoplasmic signaling proteins, sma-

2, sma-3, and sma-4.  One group set out to identify and characterize the ligand responsible 

for initiating such signaling and ended up cloning the gene dbl-1 (Decapentaplegic Bone 

morphogenetic protein-Like) (Suzuki, et al., 1999).   

 Work to clone the dbl-1gene must have taken place prior to the availability of the 

annotated C. elegans genome sequence, as dbl-1 was isolated using degenerate PCR 

methods (Suzuki, et al., 1999).  This member of the TGF-beta superfamily shows 52% 

identity in the conserved C-terminus to both human BMP-2 and BMP-4 and is expressed in 

neurons based on GFP-fusion analyses (Suzuki, et al., 1999).  Analysis of two mutants 

revealed a Sma phenotype and size comparison of the wild-type and mutant L1 was similar 

suggesting dbl-1 has post-embryonic functions (Suzuki, et al., 1999).  Another phenotype 

revealed by the dbl-1 mutations was an abnormal patterning in the male tail.  Like mutations 

in other members of the pathway, several of the normally distinct nine sensory rays present 

in this copulatory organ resembled that of their neighboring rays (Suzuki, et al., 1999).  Both 

of these phenotypes were rescued when mutants were transfected with a plasmid encoding 

the correct dbl-1 gene (Suzuki, et al., 1999).   

 In order to further establish the role of dbl-1 in this pathway, the authors over-

expressed dbl-1 by introducing extra copies of the gene, which resulted in a long phenotype 

(i.e. length change) (Suzuki, et al., 1999).  If one of the Smad proteins was mutated in this 

over-expressed background, the long phenotype was not observed, suggesting the dbl-1 

signal is transduced through these pathway components (Suzuki, et al., 1999).  Furthermore, 
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this long phenotype suggests dbl-1 functions in a dose-dependant manner to regulate body 

size of the worm (Suzuki, et al., 1999). 

   Upon identification of the ligand, further studies regarding this pathway began to 

take place.  One of the components, sma-3, a receptor regulated Smad, was found to be 

essential for dbl-1 signaling in that other Smads cannot function in its place (Savage-Dunn, 

et al., 2000).  The type I receptor, sma-6, is expressed in the hypodermis, where it is both 

necessary and sufficient to prevent Sma phenotypes, unlike the ubiquitously expressed type 

II receptor (Yoshida, et al., 2001). This suggests that dbl-1 is secreted from neurons and acts 

only on cells expressing this receptor and downstream components of the pathway to 

regulate body size in a tissue specific manner (Yoshida, et al., 2001). 

Other downstream components of the dbl-1 pathway were subsequently identified.  

Lon-3, a cuticle collagen, has been shown to be negatively regulated by the dbl-1 pathway, 

in that lon-3 expression increases in a dbl-1 mutant background (Suzuki, et al., 2002; 

Nystron, et al., 2002).  This suggests that dbl-1may control body size by regulating collagen 

expression in the hypodermis (Suzuki, et al., 2002; Nystrom, et al., 2002).   

 In 2003, Savage-Dunn and colleagues reported on a mutant screen to identify other 

Sma genes (Savage-Dunn, et al., 2003).  They identified many of the known core 

components and 11 additional genes.  One of these, sma-9 was later shown to be 

homologous to D. melanogaster Schnurri, a large zinc finger transcription factor, which acts 

downstream of dbl-1 (Liang, et al., 2003). 

2.2.7 C. elegans unc-129 and the Uncoordinated Phenotype  

A third C. elegans TGF-beta homolog was isolated through rescue studies of an 

uncoordinated phenotype (Unc) with a cosmid containing one open reading frame, unc-129 
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(Colavita, et al., 1998).  Sequence analysis suggested unc-129 was a member of the TGF-

beta family of signaling proteins with a coding sequence of ~1.5kb and 407 amino acids.  It 

shared the common characteristics necessary to be a member of the superfamily including a 

hydrophobic signal sequence, a less conserved prodomain, and seven conserved cysteines in 

the C-terminus. The UNC-129 protein shares 33% identity with human BMP-7 and 24% 

identity with human TGF-beta2 in the conserved regions, likely making it a member of the 

TGF-beta superfamily.   

 Phenotypes observed from mutations in daf-7 and dbl-1 are not observed in unc-129 

mutations, rather axon guidance appears to be disrupted (Colavita, et al., 1998).  

Furthermore, mutations in daf-1 and daf-4 (type I and type II receptors, respectively) did not 

affect axon guidance, suggesting unc-129 uses different receptors to transduce its signal.  

Unc-129 is expressed throughout the life cycle and either directly provides the guidance 

signal for axon migration through polarity in its expression or by inducing the nearby cells 

to generate their own guidance cues.   

2.3 Ancylostoma caninum 
 
 Ancylostoma caninum is a parasitic nematode of the dog and is considered one of the 

most prevalent parasites in the pet dog population (Blagburn, et al, 1996).  This parasite has 

close relatives that infect the human population including Necator americanus and 

Ancylostoma duodenale and recent World Health Organization estimates suggest over one 

billion people are infected with human hookworms, primarily in developing countries.  The 

primary pathology of hookworm infection is anemia (Hotez and Pritchard, 1995).  In the 

intestines, the adult hookworm attaches to the intestinal mucosa and secretes anticoagulants 

to prevent the clotting of blood in order to receive its bloodmeal (Carroll, et al., 1984).  The 
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adults will migrate along the mucosa leaving bleeding tracks in their wake.  In infants, the 

amount of blood loss can retard physical and cognitive development (Lozoff, et al., 1991), 

and in puppies severe infections can be fatal (Kassai, 1999).  Hookworm disease is most 

prevalent in tropical and subtropical climates; extreme heat and freezing temperatures can 

kill the infective larvae (Kassai, 1999). 

A. caninum is a zoonosis as the infective larvae in the environment can penetrate the 

skin of humans and cause cutaneous larval migrans, an inflammatory response to the 

migrating worm (Brenner and Patel, 2003).  Treatment with drugs such as fenbendazole can 

eliminate the adult worms in the intestines, while simple sanitation practices can prevent or 

reduce the burden of infection (Burke and Roberson, 1979). 

 The life cycle of A. caninum begins with eggs that are shed in the feces of an 

infected animal (Kassai, 1999). Eggs hatch in the environment to form the first larval stage, 

or L1, which feed on bacteria and molt to the L2 stage, followed by a second molt to the L3 

stage, all occurring in about five days under optimal growth conditions (Kassai, 1999).  The 

infective L3s, or iL3s, are a non-feeding, developmentally arrested stage that has properties 

suited for long survival in the environment pending infection of a host.  Infection can 

happen in two ways: iL3 either penetrate the skin or are ingested (Kassai, 1999).  Those 

worms that enter the host through the skin migrate to the lungs where they are coughed up 

and swallowed, and become blood feeding adults in the intestines by 14-21 days post-

infection (Kassai, 1999). Ingested larvae either follow the same tract as above, or bypass the 

lungs and mature in the intestines to become the sexually mature adult male and female 

worms (Kassai, 1999).   
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2.3.1. A. caninum tissue arrest and pregnancy induced reactivation 

Another aspect of the Ancylostoma life cycle involves a proportion of the infecting 

L3s migrating to the skeletal muscles and arresting in development (Schad, 1990).  These 

tissue-arrested L3s can remain dormant for years and be triggered to reactivate during 

pregnancy.   Reactivated larvae, either resume development in the intestine of the original 

host, or move to the mammary glands and are passed to nursing neonates through the milk 

(Stone and Girardeau, 1968).  This life-cycle therefore provides two potential states of 

developmental arrest: the iL3 stage prior to infecting a host and the tissue-arrested stage. 

Tissue-arrested larvae are not as susceptible to drugs used to combat adult infections 

(Arasu, 1998).  To decipher the molecular mechanisms of tissue-arrest and reactivation, a 

murine model of infection was developed (Arasu and Kwak, 1999).  Mice can serve as 

holding or paratenic hosts of dog hookworms, which means that A. caninum cannot 

complete its lifecycle in the mouse; none of the infecting L3s become adults, but instead 

become tissue-arrested L3s or eliminated by host responses.  These tissue arrested L3s do 

however display the same phenomenon of pregnancy-associated transmammary 

transmission of infection (Arasu and Kwak, 1999; Steffe and Stoye, 1984).  In the mouse 

model, approximately 8% of the dam’s reservoir of tissue-arrested larvae will be transmitted 

to the nursing neonates during lactation (Arasu and Kwak, 1999; Steffe and Stoye, 1984).  

Various studies have shown that 10% normal dog serum (Hawdon and Schad, 1990), 

reduced glutathione (Hawdon and Schad, 1992), muscarinic antagonists (Tissenbaum, et al., 

2000), and cyclic GMP (Hawdon and Datu, 2003) can all stimulate A. caninum iL3s to feed; 

a classic dauer reactivation response in C. elegans.  In the dog, repeated exogenous 
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administration of estrogen and prolactin to post-lactational, overiectomized dogs, harboring 

tissue-arrested hookworm infection, resulted in a gradual resurgence of larvae in milk (Stoye 

and Krause, 1976).  Furthermore, TGF-beta is up-regulated in the mammary and uterine 

tissues by estrogen and prolactin in the rat (Schneider, et al., 1996).  Lastly, a TGF-beta-like 

ligand regulates the arrested development of C. elegans (Ren, et al., 1996).  These findings 

all suggest that TGF-beta may be a host-derived factor causing the reactivation of tissue-

arrested larvae.  This led to testing if recombinant mammalian TGF-beta could act as a 

stimulatory factor in A. caninum iL3’s and tissue-arrested L3s collected from mice (Arasu, 

2001).  It was shown that physiological concentrations of mammalian TGF-beta will 

stimulate tissue-arrested L3s to feed to the same extent as normal dog serum, suggesting that 

host derived TGF-beta may be involved in the tissue arrested-reactivation process (Arasu, 

2001). This evidence suggests that the pregnancy-induced upregulation of host-derived 

TGF-beta may reactivate the tissue-arrested L3s, however, the question of whether or not the 

hookworm itself encodes a daf-7 homolog and what role it plays in arrest and reactivation, 

remained.   

2.3.2 Hookworm Vaccines and the Ancylostoma Secreted Protein Family 

Relatively few genes have been cloned and characterized from A. caninum but on-

going EST sequencing of parasitic nematodes by the Washington University Genome 

Sequencing Project is contributing to a rapid increase in the number of known sequences.  A 

significant amount of interest remains focused on parasite-encoded proteins (so-called ES or 

‘excretory-secretory proteins’) that are released into the host either at the L3 or adult stage.  

The L4 stage is rarely studied due to the lack of in vitro culture systems and the difficulty of 

obtaining this migratory stage from an infected animal.  With various host-parasite systems, 



 28

vaccinations with ES products have been shown to provide significant levels of protective 

immunity.  Further, the high efficacy of radiation-attenuated larvae as vaccines was 

attributed to the ability of the larvae to secrete antigens into the host but not develop to the 

pathogenic adult stage (Miller, 1978).  In addition, proteins from the oesophagus of adult 

hookworms have also been shown to induce protection (Thornson, 1956).  Various secreted 

proteins characterized from A. caninum include anticoagulants, metalloproteases, 

metalloprotease inhibitors, other proteases, neutrophil inhibitory factors, and the 

Ancylostoma secreted proteins (ASPs).  

 In an attempt to better understand the molecular mechanisms during the transition to 

parasitism of A. caninum, researchers set out to clone and characterize proteins that are 

released by the iL3 upon in vitro stimulation with dog serum and reduced glutathione.  A 

40kDa protein was isolated and sequenced, followed by molecular cloning that lead to the 

identification of the first Ancylostoma Secreted Protein, asp-1 (Hawdon, et al., 1996).  This 

protein shares homology with venom allergens and cysteine-rich secreted proteins (CRISPs) 

and is expressed by the parasite within 30 minutes of serum stimulation.  Based on the early 

expression pattern, the authors suggest this protein plays a central role in the infectious 

process and holds promise as a vaccine candidate (Hawdon, et al., 1996).  A similar protein, 

Ac-asp-2, was identified by the same means, shows homology to asp-1, and is expressed at 

all stages of the hookworm life-cycle tested, but, is secreted only at the serum stimulated L3 

stage (Hawdon, et al., 1999).  Like asp-1, this protein was considered a candidate for 

vaccine trials.  Subsequent to those studies, several ASP homologs from various lifestages 

have been identified from other nematodes (Hawdon, et al., 1999; Bin, et al., 1999). 
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Initial vaccination trials with ASP-1 used alum-precipitated recombinant proteins 

expressed from E. coli and resulted in a 79% reduction in worm burden upon challenge 

(Ghosh, et al., 1996).  Further studies demonstrated that with four immunizations, worm 

burden in the gastrointestinal tract and muscle were also reduced (Ghosh and Hotez, 1999).  

To determine the effectiveness of ASPs from other hookworms (Necator americanus and 

Ancylostoma duodenale) in reducing A. caninum burden in mice, it was found that 

protection correlated with the degree of amino acid similarity between the administered 

recombinant protein and Ac-asp-1 (Sen, et al., 1999).  Accordingly, it was found that Ac-

asp-2, which shows only a 55% amino acid homology at the C-terminus of Ac-asp-1, and 

appears to be a monomer of Ac-asp-1, was not protective (Sen, et al., 1999).  This failure to 

protect could be due to improper folding of the recombinant protein as it was expressed in E. 

coli (Sen, et al., 1999).  Further studies with Ancylostoma ceylanicum have subsequently 

shown that hamsters vaccinated with yeast-expressed Ay-asp-2 reduced adult worm burden 

significantly as compared to controls (Goud, et al., 2004).  Four more A. caninum ASPs 

have been cloned and characterized (Zhan, et al., 2003) and future experiments may 

determine their combined vaccine potential.   

2.4 Functional Genomics: The Dauer Expression Profile 
 
 The three signaling pathways mentioned above control the decision to become a 

dauer, however, entry into and exit from the dauer state is a complex transition.  Behavioral, 

structural and metabolic changes all take place suggesting the differential expression of 

many genes.  Understanding the molecular basis behind this transition is both interesting 

from a biological perspective and for understanding the arrest and reactivation of related 

parasitic nematodes (Hotez, et al., 1993; Burglin, et al., 1998).  Many parasites undergo an 
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obligatory state of arrested development prior to infecting a host and this parasitic state of 

arrest can be considered analogous to the C. elegans dauer larvae (Hotez, et al., 1993; 

Burglin, et al., 1998).  By analyzing the expression profile of the C. elegans dauer, we may 

be able to extrapolate the information to the arrested development and reactivation of other 

nematodes.   

 The genomic expression profile of the C. elegans dauer has been investigated in two 

separate studies.  One study used serial analysis of gene expression, while the other used 

cDNA microarrays (Wang and Kim, 2003; Jones, et al., 2001).  By analyzing the expression 

profile of dauers versus all other stages of C. elegans, the SAGE analyses identified 2016 

transcripts found only in the dauer stage, 358 of which were significant (p<0.05) (Jones, et 

al., 2001).  Genes that were previously implicated in dauer and lifespan regulation were 

identified, however, many of the most abundant transcripts identified in the dauer had no 

known function (Jones, et al., 2001). 

 In contrast to the SAGE study, the microarray study analyzed the gene expression 

profile of recovering dauers versus starved worms (Wang and Kim, 2003).  This enabled the 

authors to distinguish genes specific for dauer regulation and recovery as compared to genes 

necessary for feeding.  Five hundred and forty genes that were down-regulated upon dauer 

recovery were considered dauer specific genes (Wang and Kim, 2003).  Only 43 of these 

genes overlapped with results from the SAGE data.  Many of the genes identified are 

involved in stress resistance for life-span extension, for example, superoxide dismutases, 

heat shock proteins, catalase, and cytochrome P450 (Wang and Kim, 2003).  Other dauer 

specific genes confirmed previous data suggesting an altered metabolic state of the worm.  

Other time points were investigated and genes that peaked in expression two hours after the 
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introduction of food and subsequently declined were considered transient genes (195 total).  

The authors speculated that these genes may be involved in setting up the recovery process 

and coordinating all of the cells in the worm for recovery.  This process would require cell-

signaling components, and correspondingly, transporters and nuclear hormone receptors 

were identified.  Other groups of genes including those induced early and remaining 

expressed (538 total), those that increased in expression during the recovery process (386 

total), and those that were expressed late and just prior to the dauer-to-L4 molt (325 total) 

were investigated.  Altogether, the microarray study demonstrated the complex nature of the 

dauer and the dauer recovery process (Wang and Kim, 2003).  

2.4.1 Functional Genomics: EST database analysis in Strongyloides stercoralis, A. 

caninum, and A. ceylanicum 

 Recent EST sequencing efforts at Washington University has generated almost 

300,000 ESTs from over 30 different parasitic nematode species (Parkinson, et al., 2003).  

Moreover, different stages in the life cycle of these parasites were used to generate these 

ESTs, allowing the powerful comparison of different parasitic nematode expression profiles 

to what is know regarding C. elegans (Mitreva, et al., 2004; Mitreva, et al., submitted).   

 S. stercoralis is the human round worm belonging to Clade IVa of the phylum 

Nematoda (Blaxter, 1998).  This parasite has a unique life cycle beginning with eggs shed 

by mature females found in the intestinal tract which subsequently hatch to the L1 stage 

excreted in feces.  Depending on genetic and environmental cues, these L1s will either 

develop into free-living adults in the environment, or arrest at the iL3 stage until they infect 

a host.  The free-living cycle of S. stercoralis can be considered analogous to C. elegans, 

while the development of the iL3 is a more similar life cycle to other parasitic nematodes.  
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ESTs were generated from cDNA libraries of the L1 and iL3 stages of S. stercoralis and 

compared to the expression profile of dauer versus non-dauer C. elegans through SAGE 

(Jones, et al., 2001).  More matches occurred between S. stercoralis L1-biased or L1-

specific genes with C. elegans non-dauer-specific (referred to as “nutrient-rich”) transcripts 

than between iL3/dauer, iL3/non-dauer, and L1/dauer (Mitreva, et al., 2004).  The authors 

offer two reasons for this trend: (1) the expression pattern is conserved between the two 

nematodes in that genes that are not expressed in the dauer of C. elegans would not be 

expressed in the iL3 of S. stercoralis and (2) transcripts found in the L1/non-dauer stages are 

more highly conserved than those expressed at the iL3/dauer stages.   Even though there 

were transcripts that were similar between the iL3 of S. stercoralis and the dauer of C. 

elegans, they did not find strong evidence for an arrested development “expression 

signature”.  This could be due to the limitations of using ESTs to analyze expression profiles 

or because the dauer and the iL3 of S. stercoralis are, indeed, molecularly different. 

 A similar study analyzed the ESTs from iL3, ssL3, and tissue-arrested L3 cDNA 

libraries of A. caninum as well as the iL3 and adult stage of A. ceylanicum (Mitreva, et al., 

submitted).  A. ceylanicum is another hookworm parasite of dogs and can also infect 

humans.  This study offered several examples of abundant stress-related transcripts 

identified in the iL3 of A. caninum with homologs important for the dauer arrest of C. 

elegans.  Furthermore, when analyzing the abundant transcripts from the ssL3 stage of A. 

caninum, the transcripts identified may be involved in the parasitism process.  For example, 

a cathepsin D-like aspartic protease is among the most abundant transcripts in the ssL3; 

expression of proteases may be important in the degradation of tissues to allow for parasite 

migration. 
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2.5 TGF-beta signaling in other helminths 
 
 Components of the TGF-beta signaling pathway have been identified in several 

helminths including receptors, ligands, and cytoplasmic signal transducers either in the 

flatworm, Schistosoma mansoni, or the filarial parasite, Brugia.  Given the role of TGF-beta 

signaling in the development of C. elegans, it would be reasonable to predict that similar 

mechanisms are involved in the development of related parasitic nematodes (Hotez, et. al., 

1993; Burglin, et al., 1998).  In fact, recent phylogenetic analyses confirm that C. elegans 

and A. caninum are both in Clade V of the phylum Nematoda (Blaxter, 1998).  Parasite 

encoded TGF-beta signaling machinery may be controlling development of the worm itself 

(as in C. elegans), relying on the host to initiate shifts in development in the worm (Davies, 

et al., 1998; Beall and Pierce, 2001), or signaling to the host directly to evade the immune 

system (Gomez-Escobar, et al., 2000). Even though TGF-beta signaling in parasites was 

originally investigated to better understand the arrest and reactivation phenomenon in 

parasites, most reports using molecular biology and biochemical techniques suggest at least 

all three possibilities are taking place.   

2.5.1 TGF-beta signaling in the filarial parasites Brugia malayi and Brugia pahangi 

TGF-beta signaling in parasitic nematodes was first reported in the filarial parasites, 

B. malayi and B. pahangi, that cause lymphatic filiarisis of humans and domestic cats, 

respectively.  The life-cycle of these filarial parasites requires an intermediate mosquito host 

and the mature adults live in the lymph nodes and vessels of mammals.  These parasitic 

nematodes belong in Clade III of the phylum and are thus less related to C. elegans and A. 

caninum.  The first member of TGF-beta signaling machinery identified in B. pahangi was a 

Type I receptor isolated through degenerate PCR using primers designed within the 
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conserved kinase domain (Gomez-Escobar, et al., 1997).  Designated Bp-trk-1, this receptor 

showed highest homology to the then uncharacterized C. elegans sma-6 gene and was 

expressed at all stages tested, namely, the microfilaria (similar to the L1), subsequent larval 

stage, and adult stages.  Hoping to identify homologs to the receptors involved in dauer 

arrest and reactivation in C. elegans, the authors instead characterized a receptor likely to be 

involved in regulating the growth of the parasite.  

Parasite-encoded TGF-beta-like ligands were first identified in B. malayi and 

isolated through degenerate PCR using primer pairs designed within conserved regions of 

the superfamily (Gomez-Escobar, et al., 1998).  These PCR products were used to identify 

full length clones from screening Brugia cDNA and genomic libraries.  Sequence analysis 

suggests this ligand is a member of the BMP subfamily of TGF-beta proteins, with the 

strongest homology to the C. elegans dbl-1 gene.  The genomic organization of the gene 

includes 7 exons and spans 2.5kb.  Exons I-V contain coding sequence for the highly 

divergent pro-protein, while exons VI and VII code for the mature product.  According to 

the authors, this is a single copy gene based on Southern blot analysis but the supporting 

data is not presented in their published report.  Exons range in size from the smallest with 38 

amino acids (Exon IV) to the largest of 122 amino acids (Exon I).  The third intron is the 

longest with 296nt while the fourth intron is the shortest with 155nt.  While cloning the B. 

malayi ligand, the authors also isolated the B. pahangi homolog, which differs in only five 

amino acids (18 nucleotides) from the B. malayi sequence and most of these substitutions 

occurred in the less conserved pro-domain.  The expression profile of Bm-tgh-1 was 

determined through RT-PCR and was shown to be more highly expressed at stages of 

growth and differentiation, such as at the first (L1 to L2) and second  (L2 to L3) molts, and 
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absent in stages of developmental arrest, such as the microfilaria (equivalent to L1).  This 

expression data, as well as homology to the BMP subfamily, suggests the ligand is more 

than likely involved in regulating the growth and development of the worm.   

 A second member of the TGF-beta superfamily isolated from B. malayi, Bm-tgh-2, 

came from EST sequencing efforts where two C-terminal EST’s and one N-terminal EST 

were identified (Gomez-Escobar, et al., 2000).  The full-length cDNA was obtained through 

PCR by designing primers from the 5’end of the N-terminal EST and the 3’end of one of the 

C-terminal EST’s.  The cDNA encodes 349 amino acids with all of the conserved 

characteristics of a TGF-beta, including the seven invariant cysteine residues (plus two 

cysteines found in members of the TGF-beta subfamily), a hydrophobic signal sequence, 

and a potential proteolytic cleavage site.  At the amino acid level, Bm-tgh-2 shares 41% 

identity with C. elegans daf-7, 37% with human TGF-beta, and 32% with mammalian 

myostatin.  RT-PCR data suggests this ligand is most highly expressed during stages of 

arrested development including the microfilarial stage and before the first and second larval 

molts.  Furthermore, antisera raised against recombinant Bm-tgh-2 recognize a 12kDa 

protein in the excretory/secretory products of B. malayi adults in culture, suggesting this 

protein may be excreted/secreted into the host.  Radiolabeled recombinant protein expressed 

in insect cells is able to bind to mammalian receptors on mink lung epithelial cells and is 

inhibited by the addition of cold/unlabeled Bm-tgh-2 or human ligand.  Lastly, when this 

recombinant protein is exposed to cells containing a luciferase construct driven by a 

promoter activated by TGF-beta signaling, an increase in luciferase activity is observed 

compared to negative controls.  With the expression of Bm-tgh-2 being highest at stages of 

arrest, the presence of the protein in excretory/secretory products, and the observation that 
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this parasite-encoded ligand can bind to mammalian receptors, the authors suggest Bm-tgh-

2 has an immunomodulatory role.    

2.5.2 TGF-beta signaling in Schistosoma mansoni 

 Identifying a type I receptor on the outer surface of S. mansoni spurred many studies 

regarding TGF-beta signaling in the blood-fluke (Davies, et al., 1998).  Schistosomes are 

helminthes, but are a distinct group from parasitic nematodes called trematodes; they belong 

to the phylum Platyhelminthes (the flatworms, which include tapeworms) and are much less 

similar to C. elegans than Brugia spp and A. caninum.  These parasites require the snail as 

an intermediate host and it is the eggs released in the blood stream of the mammalian host 

that causes the most pathology.  After discovering serine/threonine kinase activity in 

detergent soluble surface protein extracts of the adult worms, a S. mansoni encoded type I 

receptor was isolated through degenerate PCR using primers designed within conserved 

domains and called SmRk1 for Receptor Kinase-1.  RT-PCR analysis suggests the receptor is 

up-regulated upon infection of the mammalian host and immunofluorescence studies locate 

the receptor to the outer tegumental membrane.  Subsequent in vitro studies show 

recombinant human TGF-beta can signal through SmRk1 by increasing luciferase activity 

when TGF-beta was the stimulus, but not BMP (Beall and Pearce, 2001).  These data 

suggest the parasite-encoded receptor can receive TGF-beta signals from the host and 

transmit them to the parasite.   

 With this type I receptor in hand, other members of the TGF-beta signaling pathway 

were sought.  Degenerate PCR provided the cytosolic proteins SmSmad1 and SmSmad2 and 

based on in vitro GST-pull down techniques, both were able to interact with SmRk1 (Beall, 

et al., 2000; Osman, et al., 2000).  Enhancement of luciferase activity was observed when 
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either Smad was co-expressed with the human TGF-beta type I receptor in mink lung 

epithelial cells upon stimulation with recombinant mammalian TGF-beta and both Smads 

will translocate to the nucleus.  Another Smad, SmSmad4, was isolated using degenerate 

PCR methods and interacts with SmSmad2 both in vitro (GST-pull down) and in vivo 

(Yeast-two hybrid) when SmSmad2 is phosphorylated by the type I receptor (Osman, et al., 

2004).  SmSmad4 increases luciferase activity in mammalian cells deficient in an 

endogenous Smad4 when co-expressed with SmSmad2 (Osman, et al., 2004).   

 Recently, a type II receptor from S. mansoni has been identified (Forrester, et al., 

2004).  This receptor shows closest homology to the Activin type II receptor family and is 

expressed on the outer surface of the parasite, similar to the parasite-encoded type I receptor.  

Several other potential players in this TGF-beta pathway have been identified using the type 

I receptor as bait in yeast-two hybrid studies including a potential adapter protein, SIP 

(McGonigle, et al., 2001b), a 14-3-3 homolog (McGonigle, et al. 2001a), and an eIF2-alpha 

(McGonigle, et al., 2002).  These studies in S. mansoni demonstrate the potential for other 

parasites to maintain active TGF-beta signaling pathways.  

2.6 RNA Inteference 

RNA interference has become one of the most powerful tools in functional genomics 

since its discovery in the late 1980’s.  This phenomenon allows an investigator to 

specifically knock-down a target transcript within a cell or even a whole organism by 

administering exogenous dsRNA corresponding to the gene of interest.  By exploiting this 

ancient anti-viral defense mechanism meant to degrade foreign dsRNA, one can knock-

down the targeted transcript and by doing so, evaluate a phenotypic response and assign 

function to the targeted gene.  This technique has proven invaluable in the assessment of 
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gene function in many organisms, as the components necessary to achieve an RNAi effect 

appears to be conserved from worms to flies to mice to plants.   Fortunately, parasitic 

nematodes fall within this group of organisms, thus providing a new genetic tool where 

traditional genetic manipulation is not an option.   

2.6.1 Components and Mechanism of the RNAi Machinery 
 

The serendipitous discovery of RNAi occurred in 1990 when it was reported that 

introducing extra copies of a gene responsible for producing a deep purple color in the 

petunia actually caused some flowers to turn white (Van de Krol et al., 1990; Napoli et al., 

1990).  It was not until the same types of observations were made in the fungus Neospora 

crassa (Cogoni et al., 1996) and the worm Caenorhabditis elegans (Fire et al., 1998) that the 

biological community began to unravel this gene-silencing phenomenon.  

 One of the first key observations made regarding the homology dependent RNAi 

mechanism was the production of small interfering RNAs (siRNA) (Hamilton and 

Baulcombe, 1999).  These siRNA molecules have a particular chemical structure, namely a 

5’ phosphate, 3’ hydroxyl, and a 3’ two nucleotide overhang (Elbashir, et al., 2001a), that 

can be generated only by a member of the RNase III family of enzymes.  Enzymes with the 

ability to produce these cleavage markers were identified in both Drosophila and C. elegans 

by genome scanning and biochemical analysis, and were named Dicer (or DCR1 in C. 

elegans) (Bernstein, et al., 2001; Ketting, et al., 2001; Knight and Bass, 2001).   

The next component of the pathway termed RNA-induced silencing complex, or 

RISC, was purified as a 500kDa ribonucleoprotein complex (Hammond, et al., 2001).  To 

date, all of the components of RISC are not fully understood.  The first protein in 

Drosophila RISC identified was a member of the Argonaute family of proteins called AGO2 
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(Hammond, et al., 2001), homologous to rde-1 in C. elegans, and is necessary in the RNAi 

mechanism (Tabara, et al, 1999).  Other components of RISC include two RNA binding 

proteins, VIG (vasa intron gene) and FXR (fragile-X related protein) (Caudy, et al., 2002), a 

p68 helicase, two ribosomal proteins and 5S rRNA (Ishizuka, et al., 2002), as well as Tudor-

SN, a protein with nuclease-like and protein binding domains (Caudy et al., 2003). 

 Other components of the RNAi machinery include an RNA-dependant RNA 

polymerase (RDRP) as well as a transmembrane protein.  Mutations in (RDRP) inhibit the 

RNAi process in fungus, plants and C. elegans, however, homologs are absent in the human 

and Drosophila genome (Smardon, et al., 2000).  A transmembrane protein in C. elegans, 

sid-1, was identified as a mutant strain incapable of the systemic spread of RNAi (Winston, 

et al., 2002) and interestingly, is absent from neuronal cells, a tissue that is resistant to 

systemic RNAi.   

 The RNAi mechanism can be split into two parts: initiation and execution.  During 

the initiation phase, double stranded RNA enters the cell either as exogenous experimental 

dsRNA, aberrantly expressed transgenes, RNA viruses, or transposons.  Dicer enzymes 

within the cell then bind the dsRNA and the one functional RNase III-like domain cleaves 

the RNA, producing siRNA of approximately 21-22nt in length.   

In the execution phase, the anti-sense strand of RNA bound to RISC hybridizes to 

complementary mRNA transcripts and the nuclease activity within RISC cleaves the RNA 

through the center of the complex (Schwarz, et al., 2002; Martinez, et al., 2002). The 

remaining RNA has unprotected ends and is likely degraded by exonucleases.   

 The shear number of dsRNA molecules administered cannot cause the complete 

degradation of every nascent targeted transcript suggesting both amplification as well as 
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systemic spread must occur.  Amplification likely occurs through the action of RNA-

dependant RNA polymerases.  In C. elegans, it is possible that siRNAs act as primers for 

EGO-1, an RDRP, to synthesize more dsRNA from mRNA (Smardon et al., 2000) causing a 

cycle of initiation events.  Based on genetic evidence, the transmembrane protein SID-1 in 

C. elegans may provide the means to distribute this signal from cell to cell by allowing the 

siRNA from one cell to enter another (Winston, et al., 2002).   

2.6.2 RNAi in Caenorhabditis elegans 

 Even though many classical genetic techniques are available to study gene function 

in C. elegans, RNAi is a much easier, cheaper, and faster mechanism.  In fact, RNAi studies 

in C. elegans have been done to target all the genes on Chromosome I (Fraser, et al., 2000), 

all the genes on Chromosome III (Gonczy, et al., 2000), and ~19,427 genes in the genome 

(Kamath, et al., 2003).  The Chromosome III study relied on PCR to amplify all targets with 

opposing T3 and T7 tags on the primers.  In vitro transcription reactions generated the 

desired dsRNA that was subsequently injected into individual wild-type worms.  Both the 

Chromosome I and genome-wide study relied on feeding the worms E. coli expressing 

dsRNA as the delivery method.   Not all transcripts can be knocked-down in C. elegans 

RNAi.  Genes expressed in neuronal tissues seem to be RNAi-resistant and it is believed that 

the lack of expression of sid-1 in these tissues attributes to this phenomenon (Winston, et al., 

2002).  For example, daf-7 is expressed in the ASI neuron (Ren, et al., 1996) and in both the 

Chromosome III study and the genome-wide study, the dauer-constitutive phenotype of a 

daf-7 knock-out was not observed.  The same holds true for dbl-1, which is also expressed in 

neurons, and has a knock-out phenotype of small body size and malformation of the male 

tail (Suzuki, et al., 1999). 
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2.6.3 Using RNAi to Study Gene Function in Parasitic worms: 

 The ability to specifically knock-down transcripts without manipulating the genome 

of an organism is especially important in some metazoans, such as many parasites, where 

traditional genetic tools like knock-outs and transgenics, are not options.  Double-stranded 

RNA can be made in vitro, therefore, the main obstacle in RNAi experiments is dsRNA 

delivery.  With both C. elegans and Drosophila, injecting the dsRNA into the organism is 

efficient at inducing RNAi, and even soaking worms in dsRNA or feeding them E. coli 

expressing dsRNA is effective (Timmons and Fire, 1998).  With the different options of 

delivery available, parasitologists quickly tried these techniques on their particular systems.   

RNAi in Nippostrongylus brasiliensis 

 The first report of using RNAi to study gene function in parasitic helminths was that 

of Hussein and colleagues studying the nematode Nippostrongylus brasiliensis (Hussein, et 

al., 2002).  N. brasiliensis is an intestinal nematode of the rat, has a similar life-cycle to the 

hookworms, and belongs to Clade V on the phylum Nematoda (Blaxter, 1998). In this study, 

the secreted acetycholinesterases of the adult worm were targeted.  The method of delivery 

was soaking the adult worms overnight in dsRNA at a concentration of at least 1mg/mL, 

followed by washing and further culturing of the worms for six days.  A 90% and an 80% 

reduction in enzyme activity was observed if they targeted the 5’ end of the transcript or the 

full-length mRNA, respectively.  The 90% decrease in enzyme activity lasted for a full six 

days while a shorter period of suppression was observed when the full-length target was 

used.   
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RNAi in Brugia malayi 

 Shortly after, RNAi was shown to be a valuable tool for studying the filarial 

parasites, particularly Brugia malayi (Aboobaker, et al., 2003).  Here, adult females were 

soaked in high concentrations of dsRNA (~3.5mg/mL) for 24 hours.  This group labeled the 

dsRNA with FITC as was able to demonstrate the uptake of the RNA by fluorescence 

microscopy in the adult females, but not in the developmentally arrested microfiliaria stage 

(the off-spring of a fertile female).  Several genes were targeted, including RNA polymerase 

II, beta-tubulin, and the microfilarial sheath-protein-1.  Parasites treated with dsRNA 

corresponding to RNA pol II and beta-tubulin died (lethal phenotype) while those exposed 

to microfilarial sheath protein dsRNA resulted in producing smaller microfiliaria.  In 

addition to observable phenotypes, RT-PCR based transcript abundance decreased 

demonstrating a specific degradation of transcript.   

RNAi in Schistosoma mansoni 

 RNAi is also a tool for studying gene function in the blood fluke, Schistosoma 

mansoni (Boyle, et al., 2003; Skelly, et al., 2003).  One study targeted the expression of 

GAPDH and a glucose transporter using 448-452nt dsRNAs (Boyle, et al., 2003).  Not only 

was a 70-80% decrease in transcript level for each target demonstrated, but also a 40% 

decrease in glucose uptake occurred when the glucose transporter was targeted.   

RNAi in plant parasitic nematodes 

 Plant parasites also seem to be susceptible to RNAi effects, as with the cyst 

nematodes, Heterodera glycines and Globodera pallida (Urwin, et al., 2002).  H. glycines, 

the soybean-cyst nematode, and G. pallida, the root-knot nematode, both belong to Clade IV 

of the Phylum Nematoda (Blaxter, 1998), and cause devastating loses to the agricultural 
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industry each year.  Here, the juveniles (larvae) were stimulated to feed by exposure to 

octopamine and ingest dsRNA (2-5mg/mL).  Genes targeted included transcripts for a 

cysteine protease, a C-type lectin, and a major sperm protein.  A decrease in transcript 

abundance was observed through Northern analysis for the cysteine protease and C-type 

lectin at the J2 stage (similar to the L3 stage of hookworms) in worms exposed to dsRNA.  

The transcript for the sperm protein was decreased 15 days post infection (when normal 

expression would occur).  Several other phenotypes were observed including a shift in 

female/male ratio (from 3:1 to 1:1) for cysteine protease experiments and 41% fewer 

parasites recovered from plants infected with J2s exposed to C-type lectin dsRNA. 
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Figure 2.1:  Cartoon of the anterior region of C. elegans. ASG, ASI, ADF, and ASJ 
neurons are depicted as filled circles with dendritic processes (terminated with  
an “*”) leading towards the two chemonsensory amphid pores located on opposite 
sides of the buccal cavity (mouth opening).   
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3. CLONING AND CHARACTERIZATION OF A. CANINUM TGF-BETA-

LIKE LIGANDS 

 

Abstract 

Over a billion people are infected with the blood feeding hookworm parasites 

(Necator and Ancylostoma spp.).  An important life cycle aspect of the Ancylostoma parasite 

is the ability to infect its host and either mature to the adult stage in the intestines or halt the 

normal maturation pathway and become developmentally arrested in the somatic tissues.  At 

opportune times such as pregnancy, the tissue-arrested larvae reactivate and subsequently 

infect the nursing newborns via milk.  Transforming growth factor-beta (TGF-beta) 

signaling has been shown to regulate larval development in the closely related free-living 

nematode Caenorhabditis elegans (Ren, et al., 1996).  We have previously shown through in 

vitro studies that mammalian rTGF-beta can reactivate A. caninum tissue-arrested larvae 

(Arasu, 2001).  To investigate the role of parasite-encoded TGF-beta in the reactivation 

process, we have cloned and characterized two A. caninum TGF-beta-like ligands.  Within 

the conserved domain, clone Ac-tgh-1 shows 50% deduced amino acid sequence identity to 

mammalian BMP-2 and 60% to C. elegans dbl-1 (controls growth).  The second clone, Ac-

tgh-2, shows 28% identity to mammalian TGF-beta1 and 46% to C. elegans daf-7 (controls 

larval arrest).  Genomic clones for each cDNA have been isolated and sequencing shows 

differences in exon/intron structure as compared to the corresponding C. elegans genes. 

Based on RT-PCR results, both Ac-tgh-1and Ac-tgh-2 are expressed in all stages tested, 

namely, the egg, first and second stage larvae (L1/L2), infective third stage larvae (iL3), 

serum stimulated parasitic larvae (ssL3), and male and female adult worms.   Ac-tgh-2 is 
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expressed at the arrested iL3 stage, which differs from that of C. elegans daf-7 expression 

and may be unique to parasitic nematodes that have an obligate requirement to undergo 

developmental arrest.  To verify the RT-PCR data, we have generated antibodies to the 

cloned ligands for protein analyses.  Western analyses show that both proteins are present in 

the iL3, ssL3, and adult worms, consistent with result from the RT-PCR analyses. 

Immunofluorescence localization studies suggest that, similar to C. elegans, Ac-TGH-2 is 

expressed in the sensory endings of the amphidial neurons in the anterior region of the iL3.  

This may imply that an aspect of Ac-tgh-2 expression is controlled by the sensing of 

environmental and/or host factors.  RNA interference studies are underway to assess the 

putative function of the parasite-encoded ligands by observing knock-down phenotypes in 

iL3.   



 47

Introduction 

Members of the transforming growth factor-beta (TGF-beta) superfamily of 

cytokines regulate a diverse set of cellular processes including cell proliferation, 

differentiation, and death (Massague, et al., 2000).  This highly conserved class of 

intercellular signaling molecules is found in all metazoans with five different genes in the 

worm, nine in the fly, and 42 in mammals (Lander, et al., 2001).  TGF-beta cytokines fall 

into two subfamilies based on sequence similarity and the different signaling pathways they 

activate, namely, the TGF-beta/Activin/Nodal subfamily and the BMP (bone morphogenetic 

protein)/GDF (growth and differentiation factor)/MIS (Muellerian inhibiting substance) 

subfamily.  All TGF-beta proteins share several common characteristics.  The functional 

molecule exists as a homodimer produced through the cleavage of the larger polypeptide 

releasing the C-terminal active domain (Massague, et al., 1992).  This dimer is held stable 

through hydrophobic interactions and the formation of a “cysteine knot” utilizing six of the 

seven conserved C-terminal cysteine residues in three disulfide bridges (Sun and Davies, 

1995).  

 Three of the five TGF-beta genes found in the C. elegans genome have been well 

characterized.  One homolog, dbl-1 (also called cet-1), is involved in regulating body size 

and male tail patterning and is a member of the BMP/GDF/MIS subfamily (Suzuki, et al., 

1999).  A second, daf-7, is involved in controlling entry into and exit from the 

developmentally arrested dauer stage of C. elegans and is a member of the TGF-

β/Activin/Nodal subfamily (Ren, et al., 1996).  By sensing environmental cues, including 

temperature, population density, and food availability, C. elegans uses at least three 

signaling pathways to determine whether or not to enter the dauer state of developmental 
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arrest including a G-protein pathway, an insulin-like signaling pathway, and a TGF-β  

pathway (Riddle and Albert, 1998).  In the TGF-beta pathway, the expression of daf-7 early 

in development (L1) prevents entry into dauer and null mutants of this gene result in a 

constitutive dauer phenotype (Ren, et al., 1996).  A third homolog to be characterized in the 

C. elegans genome, unc-129, is involved in guiding axon growth (Colavita, et al., 1998), 

while the remaining two, tig-2 and CE27471, have yet to be characterized.  Members of the 

TGF-beta family have also been identified in the filarial parasitic nematodes Brugia malayi 

and B. pahangi.  These parasite-encoded ligands, Bm-tgh-1 and Bm-tgh-2, are suggested to 

be involved in regulating growth of the worm or modulating the host immune response by 

interacting with host TGF-β  signaling (Gomez-Escobar, et al., 1998; Gomez-Escobar, et al., 

2000).   

 Many parasitic nematodes appear to have an obligate stage in their life cycle 

involving developmental arrest.  The life cycle of Ancylostoma caninum contains two stages 

where the larvae could be considered developmentally arrested, the pre-parasitic L3 

(infective larvae yet to enter the dog host) and the tissue-arrested L3.  The tissue-arrested 

L3’s are a sub-population of infecting L3’s that halt their normal maturation pathway of 

becoming blood-feeding intestinal adults and instead become quiescent in the somatic 

tissues.  These latent parasites are relatively resilient to the effect of anthelminthics typically 

used to eliminate the intestinal stage adult worms (Arasu, 1998).  Furthermore, tissue-

arrested L3’s display an interesting phenomenon of being able to reactivate during 

pregnancy resulting in their transmission via milk to nursing puppies.  We have previously 

shown that mammalian rTGF-beta will cause tissue-arrested A. caninum to reactivate and 

feed in vitro (Arasu, 2001).  In order to determine what role the parasite-encoded ligands 
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play in the reactivation process and to have a better molecular understanding of the latent 

versus reactivated forms of the parasite, we set out to clone and characterize the A. caninum 

ligands, particularly, the daf-7 homolog.  As with the Brugia parasites, we were also 

interested in determining if parasite-encoded TGF-beta-like ligands could potentially have 

an immunomodulatory affect on the host.  Here, we describe two TGF-β  ligands from A. 

caninum, Ac-tgh-1 and Ac-tgh-2 with sequence homology to C. elegans dbl-1 and daf-7, 

respectively. 
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Materials and Methods  

Parasites and Animals 

 Infective A. caninum L3’s (iL3) were collected from 7 day old co-cultures of 

charcoal and feces from laboratory Beagle dogs infected with a naturally occurring Wake 

County, North Carolina strain of hookworm, as previously described (Arasu and Kwak, 

1999).  iL3s were harvested via the Baermann funnel technique and washed several times in 

medicated (20mg/ml gentamycin and lincomycin) phosphate-buffered saline (PBS).  To 

generate serum stimulated L3’s (ssL3), 5000 iL3’s were induced to feed in vitro by 

incubating at 37 0C /5% CO2 for 18-24 hours in the presence of 5% normal dog serum 

(NDS) in individual wells of a 24 well plate in a volume of 500uL.   Larvae were scored as 

feeding based on ingestion of FITC-conjugated bovine serum albumin (Sigma, St. Louis, 

MO) and examination by ultraviolet microscopy (Hawdon and Schad, 1990).  A. caninum 

adult parasites were collected from the intestinal tracts of euthanized dogs from a North 

Carolina animal shelter.  Eggs were collected via sucrose flotation as previously described 

(Nolan, et al., 1994).   L1/L2 stage hookworms were collected by hatching eggs on 1.5% 

plain agar plates and incubating at room temperature for 24-36 hours.  The L1/L2 worms 

were rinsed from the plates in PBS and washed repeatedly before freezing at –70 0C.   

 

Ac-tgh-1 isolation 

Previously described degenerate primers for the TGF-beta sequence were used in 

PCR with 200ng A. caninum genomic DNA as template (Gomez-Escobar, et al., 1998): 

TGF-A-5’ and TGF-C-3’ (Table 1). The thermal cycler program was one cycle of 94 0C for 

5 min, 40 cycles of 94 0C for 1 min, 56 0C for 1 min, and 72 0C for 3 min, followed by one 
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cycle of 72 0C for 3 min.  A 300bp product was gel purified and cloned into pT7-Blue3 

(Novagen, Madison, WI) as per manufacturer’s protocol.  Sequence analysis showed 

homology to C. elegans dbl-1.  The 300bp insert was radioactively labeled via nick 

translation (Roche, Indianapolis, IN) and used to screen a bacteriophage λGem11 (Promega, 

Madison, WI) A. caninum BamHI genomic library under low stringency conditions of 37 0C 

hybridization for 15-20 hours and washing with 2X SSC/0.1% SDS at room temperature.  A 

positive plaque was carried through three rounds of purification until a single positive 

plaque could be isolated.  A 10kb insert genomic clone was isolated and a 2.5kb Sal I 

fragment that hybridized to the 300bp PCR product was sequenced.  RT-PCR was 

performed using a 5’ primer derived from the conserved 22 nucleotide nematode splice 

leader sequence found on ~60% of all nematode mRNAs and 3’ RACE (SMART RACE kit, 

BD Biosciences Clontech, Palo Alto, CA) to identify the 5’ and 3’ cDNA ends, respectively.  

The primers used in SL1 PCR were SL1-5’ and LNAT-3’ using the same cycling conditions 

as above (Table 1) using iL3 cDNA as template.  The gene specific primer used for 3’ 

RACE was RDRK-5’ and PCR was performed as per manufacture’s protocol.  The 

overlapping SL1 primed fragment and the 3’ RACE fragment were each cloned into pT7-

Blue3 and sequenced.   

 

Ac-tgh-2 isolation 

 Serum stimulated L3’s provided from our laboratory to Washington University 

Genome Sequencing Center’s Parasitic Nematode Project produced an A. caninum 

expressed sequence tag (EST), pb34h07.y1, which showed sequence homology to the 5’ end 

of C. elegans daf-7.  Sequence analysis of the entire clone confirmed that it encoded the full 
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cDNA.  A BamHI and a Sau3A λGem11 genomic clone, each with 10kb inserts, was 

isolated using the radiolabled EST as probe and screening methods as described above.  By 

Southern blot analysis, the BamHI genomic clone was shown to encode the 5’ end of the 

gene while the Sau3A clone encoded the 3’ end of the gene.  The gene specific primers 

FTA-5’ and Eco-RKC-3’ (Table 1) were used to prime the initial sequencing reaction for the 

BamHI and Sau3A clone, respectively.  Sequencing of the genes was completed by primer 

walking (see DNA Sequencing below).   

 

RNA extraction and RT-PCR 

 Total RNA from all stages of A. caninum was extracted using RNA-STAT (Tel-Test, 

Inc., Friendswood, TX) as per manufacture’s instructions.  First strand cDNA was 

synthesized using 10ug of DNase treated total RNA, SuperScript II Reverse Transcriptase 

(Invitrogen, Carlsbad, CA), and an oligo dT primer as per manufacture’s protocol.   

RT-PCR studies for stage specific expression used the following gene specific 

primers: for A. caninum cAMP protein kinase A (AcPka), CAMP-5’ and CAMP-3’; for Ac-

tgh-1, RDRK-5’ and ILFL-3’; and for Ac-tgh-2, PPKV-5’ and KVAK-3’.    Reactions used 

125ng cDNA templates for iL3’s, ssL3’s, adult male, adult female, dog, and E. coli, while 

375ng of cDNA was used in the egg and L1/L2 reactions in order to obtain signal intensities 

similar to the other stages.  A negative water control was also included.  Absence of 

contaminating genomic DNA was determined via RT minus reaction controls (data not 

shown).  Reactions using beta-actin specific primers (Actin-5’ and Actin-3’) which span an 

intron, also confirmed the absence of contaminating genomic DNA.  For AcPka and Ac-tgh-

2, the reaction conditions were one cycle of 94 0C for 3 minutes, 30 cycles of 94 0C for 30 
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seconds, 58 0C for 30 seconds, and 72 0C for 1 minute, followed by one cycle of 72 0C for 3 

minutes.  For Ac-tgh-1, the reaction conditions were the same with the exception of a 54 C 

annealing temperature.   Comparative analyses were done with AcPka as a reference control 

with the assumption that it’s transcript levels are relatively equivalent across all life stages 

and treatments (Hawdon, et al., 1999; Trivedi and Arasu, unpublished data)   

 

Recombinant protein expression and antisera production 

 EcoRI (forward) and BamHI (reverse) tagged primers were designed to amplify the 

full-length Ac-tgh-1 coding region, minus the hydrophobic signal peptide, and C-terminal 

Ac-tgh-1 and Ac-tgh-2 regions.  For amplifying full-length Ac-tgh-1, the primers used were 

BamHI-RFG-5’and EcoRI-EAC-3’ while amplifying the C-terminal portion used a different 

forward primer, BamHI-AAP (Table 1).  For amplifying C-terminal Ac-tgh-2, the 

oligonucleotides used were BamHI-SPA-5’ and EcoRI-RKC-3’ (Table 1).  Plasmids 

containing the full-length transcripts were used as templates at a final concentration of 

10ng/uL.  The cycling parameters were one cycle of 94 0C for 2 min, followed by 30 cycles 

of 94 0C for 30 sec, 65 0C for 30 sec, and 72 0C for 1 min, ending with one cycle of 72 0C for 

10 min using PfuTurbo DNA Polymerase (Stratagene, La Jolla, CA).  The amplified 

products were gel extracted, cut with EcoRI and BamHI, phenol/chloroform extracted, 

cloned into pET28a (Novagen, Madison, WI) and used to transform E. coli ‘NovaBlue 

singles’ as per manufacturer’s instructions (Novagen, Madison, WI).   Sequencing analysis 

confirmed all three constructs contained the six histidine tag at the N-terminus.  The C-

terminal portion of Ac-tgh-2 was free of mutations, while both the full-length and C-terminal 

portions of Ac-tgh-1 contained a thymidine insertion resulting in an early stop codon and a 
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truncation of 23 amino acids.  These constructs were then transformed into the expression 

host, E. coli BL21 (DE3) (Novagen), and at an OD 600 of 0.6, protein production was 

induced by 1mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3 h at 37 0C.  

Recombinant protein was extracted for each construct according to manufacturer’s 

instructions.  Briefly, the cells were sonicated in 50mM Tris-HCl pH 8, 2mM EDTA, 

100ug/mL lysozyme and 0.1% Triton X.  After centrifugation at 12,000g, the cell debris was 

washed twice in the above solution and resuspended in 6M Urea.  The insoluble products 

were incubated for 1 hour on ice, spun at 12,000g to remove any insoluble material, and 

purified over HIS-bind resin using a batch method.  The purified proteins were eluted in the 

presence of 6M urea, concentrated, precipitated in PBS, and resuspended in 1X PBS 

containing 6M urea.  Polyclonal antibodies against purified full-length and C-terminal Ac-

tgh-1 and C-terminal Ac-tgh-2 were generated by Cocalico Biologicals, Inc. using their 

standard protocol in rabbits.  Briefly, rabbits were pre-bled on day 0 followed by initial 

inoculation of 100ug of protein emulsified in Complete Freund’s Adjuvant administered 

subcutaneously.  Subsequent boosts using 50ug of protein and Incomplete Freund’s 

Adjuvant occurred on day 14, 21, and 49, followed by exsanguinations on day 64.  

 

Library construction 

 Genomic DNA was extracted from adult A. caninum worms as previously described 

(Arasu, et al., 1994) and restricted with either Sau3A or BamHI (Promega, Madison, WI) 

enzymes.  Purified products in the 10-15kb range were ligated into the λGem 11 BamHI 

bacteriophage vector (Promega, Madison, WI) as per manufacture’s instructions resulting in 

two different genomic DNA libraries.    



 55

 

DNA sequencing and analyses 

 Sequencing reactions were preformed by the DNA Sequencing Core Lab, University 

of Florida, Gainesville, FL.  The BLAST algorithm (Altschul, et al., 1997) was used for 

homology searches at the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/).  The Clustal W algorithm was used for sequence 

alignments.  The unrooted radial tree was drawn using deduced amino acid sequences within 

the C-terminal domain and the neighbor joining algorithm in the PHYLIP software package 

developed by J. Felsenstein, University of Washington, Seattle, WA 

(http://evolution.genetics.washington.edu/phylip.html); percentages at branch points are 

based on 1000 bootstrap runs.   

 

Western Analysis: 

 Total antigen extracts from iL3, ssL3, and adult hookworms were prepared by 

grinding the worms on liquid nitrogen and dissolving the resulting powder in 2X SDS buffer 

(100mM Tris-Cl, pH 6.8; 200mM dithiothreitol; 4% SDS).   The extracts were boiled at 95 

0C for five minutes, sonicated, and spun at 14,000 rpmt to remove the residual debris.  For 

each of the antigens, volumes loaded onto SDS-PAGE gels were equilibrated based on 

comparable staining profiles observed with Coomassie Blue staining of the gels.  Extracts 

were separated on 12% SDS-PAGE gels and electroblotted onto NitroPure supported 

nitrocellulose membranes (Osmonics, Inc., Minnetonka, MN) at ~3V/cm for 16-18 h at 

room temperature.  Native Ac-TGH-1 and Ac-TGH-2 were detected using polyclonal rabbit 

anti-sera as the primary antibody at 1:10,000 dilution and the ECL Western blotting system 
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as per manufactures protocol (Amersham, Buckinghamshire, UK).   Prebleed anti-sera were 

used as a negative control.   

 

Southern Analysis: 

 Ten ug of A. caninum genomic DNA was digested for six hours at 37 0C with 30U of 

EcoRI, KpnI, XhoI, BamHI, EcoRV, SalI , and BglII (Promega, Madison, WI), respectively.  

The digested DNAs were then run on 0.7% agarose gels at 1V/cm and transferred to Magna 

nylon (Osmonics Inc., Minnetonka, MN) using standard Southern protocols.  Membranes 

were probed with 32P nick translated Ac-tgh-1, Ac-tgh-2 full-length cDNAs or a 5.8S rDNA 

PCR product with 1 X 106 cpm/mL for 18 hours at 42 0C.  The membranes were then 

washed in 2X SSC + 0.1% SDS for approximately 10 minutes at room temperature followed 

by exposure to X-OMAT autoradiographic film (Kodak) for approximately seven hours to 

seven days at –70 0C depending on the probe used.  

 

Immunofluorescent Localization: 

 Infective L3s were fixed overnight in a 2% paraformaldehyde/M9 buffer solution at 

4 0C.  The fixed worms were brought to room temperature for four hours, concentrated via 

centrifugation, and resuspended in a 0.2% formaldehyde/PBS solution.  Worms were cut 

with a razor blade attached to a vibrating aquarium air pump, collected in a microcentrifuge 

tube, and washed three times with 1X PBS.  The cut and uncut worms were digested with 

0.5mg/mL proteinase K/1X PBS solution in a volume of 1mL for 35 minutes at room 

temperature, then centrifuged, washed twice with 1X PBS, and frozen as a pellet on dry ice 

for 20 minutes.  The frozen worms were resuspended in cold (-20 0C) methanol and 
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incubated on dry ice for 1 minute.  The worms were spun, excess methanol was removed, 

and the pellet was resuspended in cold (-20 0C) acetone and incubated on dry ice for 1 

minute.  After centrifugation and removal of acetone, the worms were resuspended in 

distilled water, centrifuged, and washed once with 1X PBS + 0.5% Triton X (PBST).  

Worms were incubated overnight with 10% goat serum in 1X PBS and a cocktail of 

proteinase inhibitors (ioodoacetamide, leupeptin, phenylmethylsulfonyl fluoride, and 

pepstatin A).  Worms were then divided into tubes and incubated overnight in 10% goat 

serum/1X PBS + proteinase inhibitors and 1:100, 1:500, or 1:1000 dilutions of primary anti-

sera.  Following incubation, worms were washed 3 times for 10 minutes on a shaker with 

PBST.  After the final wash, worms were centrifuged and resuspended in Tris-Saline BSA 

(0.15M NaCl, 0.01M Tris-HCl pH7.2, 0.2% Triton X, 3% Bovine Serum Albumin), and 

incubated for three hours in the dark with a 1:500 dilution of either FITC conjugated goat-

anti-rabbit IgG (Sigma) or FITC conjugated goat-anti-mouse IgG (Sigma).  The worms were 

washed three times for 10 minutes each with PBST on a shaker, resuspended in distilled 

water, and placed onto individual wells of an 8 well multi-test slide pre-treated with poly-L-

lysine and covered with a cover slip.  The worm sections were examined with a fluorescent 

microscope.   
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Results 

Identification of two TGF-β homologs from A. caninum 

 Completion the C. elegans genome sequence suggested the presence of five TGF-β  

homologs.  We hypothesized that A. caninum also expresses TGF-β-like proteins.  The first 

homolog identified was cloned through degenerate PCR using genomic DNA as a template 

and primers used previously to identify Bm-tgh-1; TGF-A-5’ and TGF-C-3’ (Table 1) 

(Gomez-Escobar, et al., 1998).   Sequence analysis of the resulting 288bp amplicon gave 

117bp of coding sequence showing homology to the TGF-β  superfamily, with most 

significant similarity to C. elegans dbl-1, and was named Ac-tgh-1 (A. caninum TGF-β  

homolog-1).  Further degenerate PCR and library screening using degenerate 

oligonucleotides and a ~100bp stretch of C. elegans daf-7 as probes failed to identify other 

TGF-beta-like ligands.  However, a second TGF-β  homolog, Ac-tgh-2, was identified 

through the Parasitic Nematode EST Sequencing Project (PNP) at the Washington 

University Genome Sequencing Center from serum stimulated L3’s provided by our 

laboratory.  Partial sequence from an EST showed significant homology to the 5’ end of C. 

elegans daf-7, and further sequencing of the entire insert confirmed that it contained the full-

length cDNA. 

 

Isolation of the Ac-tgh-1 and Ac-tgh-2 cDNAs 

 Coding sequence for Ac-tgh-1 was obtained through RT-PCR using an 

oligonucleotide designed from the spliced leader sequence of nematodes, SL1-5’ (Table 1) 

as the forward primer and a gene specific reverse primer designed from predicted coding 

sequence from gene sequencing efforts (see below), LNAT-‘3 (Table 1).  Adult stage cDNA 
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was used as template.  This resulted in a PCR product of 992bp and subsequent sequencing 

confirmed the presence of the 5’ end based on sequence homology and the presence of a 

methionine downstream of the splice leader.   The 3’ end of the cDNA was isolated via 3’ 

RACE, using a gene specific primer designed from a predicted open reading frame from the 

known genomic sequence as the forward primer, RDRK-5’ (Table 1) and adult cDNA as 

template.  A 1.5kb product was cloned and sequencing confirmed the presence of the 3’ end 

of the gene.  When the overlapping RT-PCR products are spliced together, the 1.4kb cDNA 

codes for 354 predicted amino acids, and contains a number of characteristics of members of 

the TGF-β  superfamily (Figure 3.1a).  The N-terminus contains a putative hydrophobic 

signal sequence shared by many of the secreted members of the superfamily.  A putative 

cleavage site is found at position 225 as RRKR, which lyses to separate the pro-domain 

from the C-terminal mature peptide (Figure 3.1a).  Downstream of the cleavage site, the C-

terminal active domain contains all of the invariant amino acids, including seven conserved 

cysteine residues involved in intra and inter-disulfide bonds necessary to form the cysteine 

knot structure of a TGF-β (Figure 3.1a).  Two other invariant amino acids include Proline-

274 and Glycine-284 (Figure 3.1a) which are essential for the proper tertiary structure of the 

mature homodimer.   

 The EST clone obtained from the PNP contains the full-length sequence of Ac-tgh-2 

based on sequence homology to C. elegans daf-7 and when translated, encodes a predicted 

355 amino acids (Figure 3.1b).  This homolog does not appear to have a hydrophobic signal 

sequence at its N-terminus and SL1 primed PCRs failed to amplify a product unlike its tgh-1 

counterpart.  However, other characteristics belonging to the TGF-β  superfamily are present.  

A predicted tetra-basic cleavage site is found at amino acid position 237 as RRKR and there 
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are nine conserved cysteine residues in the C-terminal domain of Ac-tgh-2 (Figure 3.1b).  

The invariant proline and glycine residues can be found at amino acids 272 and 282, 

respectively (Figure 3.1b). 

 The pro-domain of most TGF-β  proteins are divergent, however, when comparing 

the active domain, significant homology is seen between the A. caninum sequences and 

those of C. elegans and B. malayi.  Ac-tgh-1 is 82% similar at the amino acid level to C. 

elegans dbl-1 and 65% similar to Bm-tgh-1 (Figure 3.2a).  The similarity between Ac-tgh-1 

and mammalian bmp-2 is 71% (50% identity), giving significant evidence that this protein 

belongs to the BMP/DPP subfamily of TGF-β  (Figure 3.2a).  Ac-tgh-2 is 67% similar to C. 

elegans daf-7 (46% identical) and 63% similar to Bm-tgh-2 (46% identical), while less 

similar to its mammalian counterpart in TGF-β1 at 46% similarity (28% identity) (Figure 

3.2b). 

Phylogenetic analysis further demonstrates these two sequences belong to separate 

groups of the TGF-β  superfamily (Figure 3.3).  Deduced amino acids in the conserved C-

terminal region of genes showing homology to the A. caninum homologs were subjected to 

alignment using the ClustalW algorithm.  The unrooted radial tree was drawn using the 

neighbor joining algorithm of the Phylip software (Felsenstein, 1989).  Ac-tgh-1 clearly 

groups with other seven-cysteine members of the BMP/DPP subfamily with its closest 

relative being C. elegans dbl-1.  Ac-tgh-2 groups with other nine-cysteine containing 

proteins in the TGF-β/Activin subfamily and is most similar to C. elegans daf-7 (Figure 

3.3).   

 

Isolation of the Ac-tgh-1 and Ac-tgh-2 genes 
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 The 288bp genomic PCR product for Ac-tgh-1 was used to screen a BamHI λGem11 

genomic library resulting in the isolation of a single clone containing a 10kb insert.  

Sequencing the tgh-1 portion of the insert showed the clone contained the entire gene 

organized into nine exons spanning 4360bp of DNA (Figure 3.4).  The exons and introns 

range in size from 55bp to 179bp, and 56bp to 1803bp, respectively, with exon/intron 

boundaries conforming to the conventional pattern of splice sites (Figure 3.4) (Mount, 

1982).  Exons I through V contain the proprotein, and Exons V through IX contain the 

active portion of the protein (Figure 3.4).   

 The entire coding sequence for Ac-tgh-2 was used to screen a BamHI and a Sau3A 

λGem11 genomic library.  One clone from each library was isolated and each contained a 

10kb insert.  Sequencing the Ac-tgh-2 portion of each insert produced the entire gene, 

excluding one intron (intron 6).  The gene is organized into 10 exons spanning over 8.5kb of 

DNA (Figure 3.5).  The exons and introns range in size from 74bp to 166bp, and 64bp to 

2556bp, respectively (Figure 3.5).  Again, the exon/intron boundaries conform to the normal 

pattern of splicing.  Exons I through VII encode the proprotein while Exons VII through X 

encode the mature product (Figure 3.5). 

 Genomic Southern analysis suggests a low copy number for each gene (Figures 3.6 

and 3.7).  A longer exposure time (7 days) compared to that of the 5.8S rDNA probe (7 

hours), was necessary in order to visualize the tgh-1 and tgh-2 specific bands.  The C. 

elegans genome contains at least 55 copies of the 5.8S rRNA gene.  These results also verify 

the sequence data as the predicted restriction patterns were observed (Figures 3.6 and 3.7) 

 

Transcription Profile of Ac-tgh-1 and Ac-tgh-2  
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 Since the full-length cDNA for Ac-tgh-1 was obtained using adult worm cDNA as 

template, and the Ac-tgh-2 cDNA was obtained from an ssL3 EST clone, some of the life 

stage associations for these transcripts were known.  To determine the overall transcription 

profile of expression, RT-PCR was performed on first-strand cDNA made from total RNA 

extracted from the embryo, first and second stage larva (L1/L2), infective L3 (iL3), serum-

stimulated L3 (ssL3), adult male, and adult female.  RT-PCR for Ac-tgh-1 used RDR-5’ and 

ILF-3’ gene specific primers, while RT-PCR for Ac-tgh-2 used PPK-5’ and KVA-3’ gene 

specific primers (Table 1).  Amplification of a cyclic AMP dependant protein kinase 

transcript (Ac-pka-1) using CAMP-5’ and CAMP-‘3 primers (Table 1), was used as a 

reference calibration/loading control.  As seen in Figure 3.8, both Ac-tgh-1 and Ac-tgh-2 are 

expressed in all stages tested.  Amplified products were not observed in the negative 

controls of water, E. coli cDNA, and dog cDNA (data not shown). 

 

Protein Expression Profile of Ac-tgh-1 and Ac-tgh-2 

 Western analyses using polyclonal antibodies against recombinant TGH-1 and TGH-

2 C-terminal domains were used to determine their protein expression profiles across the 

different life stages.  Antigen extracts of iL3, ssL3, and mixed adult stages were tested.  A 

20kDa protein was recognized by both anti-Ac-TGH-1 and anti-Ac-TGH-2 in all stages, 

albeit to a lesser extent in the mixed adult prep for Ac-TGH-1 (Figure 3.9).  Neither of these 

proteins was identified in Western blots using pre-bleed controls from the rabbits used for 

immunization.  These same antibodies failed to recognize a similarly sized product in the 

excretory/secretory products obtained from ssL3’s and male/female mixed adult worm 

preparations (data not shown). 
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Immunofluorescent Localization: 

 Antibodies against recombinant TGH-1 and TGH-2 were used to localize native 

protein within the iL3.  Antibodies targeting TGH-1 failed to specifically localize in the iL3, 

however, anti-TGH-2 antibodies identified native protein in the anterior region of the larva 

resembling areas corresponding to the chemosensory region of the amphidial pores (Figure 

3.10a and 3.10b).  When rabbit anti-cellulase antibodies were used as a negative control, this 

pattern was not observed (data not shown).  As a positive control, anti-sera from an A. 

caninum infected mouse was used and as expected, many regions and cells of the iL3 were 

recognized (Figure 3.10c).   
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Discussion 

TGF-beta/receptor signaling is hypothesized to be one of the pathways regulating the 

pregnancy-associated reactivation of A. caninum.  Larval reactivation is apparently triggered 

by the hormonal changes that up-regulate host factors such as TGF-beta.  The analyses 

described in this report were aimed at cloning and characterizing TGF-beta-like ligands 

from the parasite to better decipher the role of parasite-encoded ligands in the reactivation 

process.  Two A. caninum TGF-beta-like ligands were cloned and characterized: (1) Ac-tgh-

1, which shares homology to C. elegans dbl-1, the ligand associated with growth regulation 

and (2) Ac-tgh-2, which shares homology to C. elegans daf-7, the ligand associated with 

regulating the arrest and reactivation of the worm. 

The nucleotide and deduced amino acid sequence of these two genes are most similar 

to TGF-beta-like ligands from C. elegans, especially within the C-terminal mature peptide.  

Interestingly, the intron/exon structures of the genes between the two nematodes are 

different.  For both parasite-encoded genes, intron size, exon number, and overall length of 

the genes are greater when compared to C. elegans, however the significance of this finding 

is unclear (Figure 3.4 and 3.5).  Both transcripts contain important hallmarks of the TGF-

beta superfamily including at least seven conserved cysteine residues, a putative tetra-basic 

proteolytic cleavage site, and two other invariant amino acids.  Ac-tgh-1 also has an N-

terminal hydrophobic region suggesting this protein is secreted and the mRNA also appears 

to have the highly conserved SL1 spliced leader consensus sequence found on a large 

number of nematode transcripts.  Ac-tgh-2 does not contain an obvious hydrophobic signal 

sequence and was not amplified using the SL1-5’ primer.   
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 The stage specific expression profile of Ac-tgh-1 matches the pattern for C. elegans 

dbl-1 (Suzuki, et al., 1999) suggesting a similar role between the nematodes.  On the other 

hand, Ac-tgh-2 expression contrasts that of daf-7 expression in C. elegans.   In C. elegans, 

expression of daf-7 begins 4-5 hours after hatching and remains transcribed through the 

remaining development of the worm to the adult stage (Ren, et al., 1996).  However, if the 

worms are forced into the developmentally arrested dauer stage through starvation in the 

presence of pheromone, daf-7 is not detected (Ren, et al., 1996).  In A. caninum, we found 

expression of Ac-tgh-2 in the embryo.  Contamination from other stages is highly unlikely as 

eggs are collected from fresh feces and frozen immediately.  Expression is also observed in 

the infective L3 of the hookworm, which is considered a developmentally arrested stage, 

like the dauer of C. elegans.  Subsequent Western analysis demonstrated these Ac-tgh-2 

transcripts were being actively translated and not merely being stored in preparation for 

translation upon reactivation (Figure 3.9b).  The possibility that anti-Ac-TGH-2 antibodies 

are cross-reacting with another TGF-beta-like ligand cannot be excluded.  This unexpected 

expression pattern may be unique to parasitic nematodes that undergo an obligatory state of 

arrested development.  For example, it is possible that expression of Ac-tgh-2 during arrest 

better prepares the worm for reactivation upon infection; an “armed and ready” state.  This 

phenomenon has been observed with other genes associated with parasitism, i.e. Ac-asp-1 

and Ac-asp-2, which were investigated by microarray analyses (Moser, et al., unpublished 

data).  Ac-TGH-2 protein may be sequestered within the expressing cells or could be under 

the control of other negative regulators of TGF-beta signaling such as by binding to latent 

proteins.  If this were the case, reactivating cues from the host would cause the release of 

these regulatory controls allowing the ligand to function and stimulate reactivation.  It also 
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remains possible that, in terms of Ac-tgh-2 expression, the pre-parasitic infective L3 stage is 

less similar to the dauer of C. elegans, as compared to the tissue-arrested parasitic L3 stage.  

If this is the case, then expression of Ac-tgh-2 would be expected to be down-regulated at 

the tissue-arrested stage 

 To elucidate the functions of Ac-tgh-1 and Ac-tgh-2, immunofluorescence 

localization analyses were conducted; Ac-TGH-2 is expressed in the same region as C. 

elegans DAF-7.  In C. elegans, expression of DAF-7 is limited to the ASI sensory neuron 

pair in the head with dendritic processes extending towards the chemosensory amphidial 

pores located on the exterior of the worm (Ren, et al., 1996).  These exposed chemosensory 

neurons (as well as several others) represent the regulatory site of initiation and recovery.  

Ac-TGH-2 expression also appears to be associated with the anterior region of the iL3, in 

the area corresponding to the amphidial pores (Figure 2.1); this pattern is not observed with 

the anti-cellulase negative control (data not shown) or with the mouse anti-A. caninum L3 

polyclonal sera (Fig. 3.10).  This similarity in expression pattern suggests Ac-TGH-2 

functions similarly to DAF-7 in controlling arrest and reactivation, however the ligand is 

under post-translational negative regulation during the arrested iL3 stage.   

As mentioned previously, homologs in the filiarial parasite B. malayi have been 

identified (Gomez-Escobar, 1998; Gomez-Escobar, 2000).  Bm-tgh-1, has been suggested to 

have a similar function as dbl-1 based on its sequence similarity and expression pattern 

which is higher at times of developmental transition when growth control would be most 

important (Gomez-Escobar, 1998).  The expression pattern of Bm-tgh-2 (similar to daf-7) is 

intriguing in that it appears to be highest at times of developmental arrest, countering that 

observed for C. elegans daf-7 expression (Gomez-Escobar, 2000).  Here, the authors suggest 
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Bm-tgh-2 has an immunomodulatory role.  Given the findings that Bm-tgh-2 protein levels 

are highest during life stages associated with exposure to the host’s immune system, that the 

protein is secreted from the adult parasite, and that the protein can bind to and stimulate 

signaling from TGF-beta receptors, provide strength to this argument (Gomez-Escobar, et 

al., 2000).  Expression of the Ac-TGH-2 protein in eukaryotic systems may generate 

functional protein that can be recognized by mammalian receptors and facilitate further 

studies on its role in the development of the parasite as well as in host immunomodulatory 

roles.   
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Conclusion 

Two TGF-beta-like ligands, Ac-tgh-1 and Ac-tgh-2, were cloned and characterized 

from the hookworm parasite, A. caninum.   Although the function of these genes is not fully 

understood, they show most significant sequence similarity to the growth promoting dbl-1 

and the arrested/reactivation associated daf-7 TGF-beta-like ligands in C. elegans, 

respectively.  Their expression profiles match that of C. elegans with the exception of Ac-

tgh-2 being expressed in the embryo and developmentally arrested iL3 stage.  

Immunofluorescent studies with Ac-TGH-2 show similarities to the localization of the C. 

elegans DAF-7 protein to the chemosensory regions at the anterior end of the larva, 

suggesting similarities in function.  Further analyses including RNA interference studies 

may further elucidate the role of the parasite-encoded TGF-beta-like ligands in the process 

of hookworm arrest and reactivation and in modulation of the host immune response.
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Ac-tgh-1 Primers: 
 TGF-A-5’  5’-tggcangaytggathrtngcncc-3’ 
 TGF-C-3’  5’-ggnacrcarcanggnggngg-3’ 
 SL1-5’   5’-ggtttaattacccaagtttgag-3’ 
 LNAT-3’  5’-catggttggttgcgttca-3’ 
 RDRK-5’  5’-cgcgaccgaaagaacaa-3’ 
 ILFL-3’  5’-atcgacatccaaaaatagta-3’ 
 BamHI-RFG-5’ 5’-cccggatcccgatttggtttcccccgt-3’ 
 EcoRI-EAC-3’ 5’-cccgaattcgcgacacccgcaagcttc-3’ 
 BamHI-AAP-5’ 5’-cccggatccgctgcgccgactcgtcgcgac-3’ 
 
Ac-tgh-2 Primers: 
 PPKV-5’  5’-ccgccaaaagtcgatcacataga-3’ 
 KVAK-3’  5’-tggagataggccttagcaactttc-3’ 
 BamHI-SPA-5’ 5’-cccggatccagtccggccgtctgtatgccg-3’ 
 EcoRI-RKC-3’ 5’-ccgaattcagagcaggaacatttgcg-3’ 
 FTA-5’  5’-ttcacagcattgacgatg-3’ 
 
Ac-pka Primers: 
 CAMP-5’  5’-gtccgtccgtccgtccgtctc-3’ 
 CAMP-3’  5’-taatcattgtctggcctcactgtc-3’  
 
Beta-Actin Primers: 
 Actin-5’  5’-tcccatcaatagttggacgacc-3’ 
 Actin-3’  5’-gtatgatgccagatcttctccat-3’ 
 
5.8S rDNA Primers: 
 5.8S-5’  5’-cgtatcgatgaaaaacgcag-3 
 5.8S-3’  3’-acaaccctgaaccagacgtg-3’ 
 
 
Table 3.1  Primers used for PCR. 
Restriction sites BamHI and EcoRI are underlined.  R = A or G; Y = C or T;  
N = A, G, C, or T.  
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            M  N  R  A  L  L  V  V  C  V  S  V  V  L  T  L  S  T  P  P   20 
         1 ATGAACCGCGCCCTGCTCGTCGTCTGTGTCTCTGTCGTTCTCACACTTTCTACGCCGCCG 
 
            V  S  A  S  L  A  L  S  P  H  E  L  G  M  L  Q  K  G  F  L   40 
        61 GTGTCTGCGTCTCTGGCACTTAGTCCTCACGAGCTTGGCATGTTACAGAAAGGTTTCCTC 
 
            R  R  F  G  F  P  R  V  P  N  L  S  G  P  A  L  P  I  P  D   60 
       121 CGTCGATTTGGTTTCCCCCGTGTTCCTAATTTATCTGGTCCCGCGCTTCCTATCCCAGAT 
 
            H  V  W  D  I  Y  E  E  A  S  E  D  G  E  M  D  W  I  R  H   80 
       181 CACGTGTGGGATATCTATGAGGAAGCAAGTGAGGATGGGGAGATGGATTGGATACGGCAT 
 
            Y  Y  P  K  E  L  F  E  L  N  S  G  L  L  V  S  Y  N  L  S   100 
       241 TACTATCCAAAGGAACTTTTCGAGCTGAACTCGGGCCTGCTCGTCTCCTACAACCTGTCC 
 
            A  S  V  R  N  A  A  E  E  E  V  V  R  A  N  L  K  I  K  L   120 
       301 GCTTCGGTACGAAATGCTGCCGAGGAAGAAGTGGTGCGAGCAAATCTGAAAATTAAACTT 
 
            H  Q  T  K  R  P  T  R  V  S  V  Y  E  V  E  Q  Q  H  P  E   140 
       361 CATCAGACGAAAAGGCCCACTCGCGTCAGCGTATATGAGGTCGAACAGCAACATCCTGAG 
 
            I  R  R  L  L  D  S  K  T  I  D  V  S  D  T  S  R  P  T  Q   160 
       421 ATACGAAGGCTGCTTGACTCAAAAACGATCGACGTCTCCGACACTTCACGGCCAACGCAA 
 
            W  V  D  L  D  V  A  P  A  L  R  A  S  R  N  D  H  D  T  V   180 
       481 TGGGTCGACCTCGACGTTGCGCCGGCACTTCGTGCGTCGCGTAATGACCACGATACGGTT 
 
            T  L  F  I  D  H  P  D  T  T  I  Y  S  S  E  P  H  S  M  S   200 
       541 ACGTTATTCATCGATCATCCTGACACTACAATCTACTCGTCAGAACCACATTCCATGTCC 
 
            T  L  P  L  T  R  H  Q  S  L  P  L  V  V  Y  S  V  M  K  E   220 
       601 ACACTTCCGCTCACGCGACACCAAAGTCTTCCGTTGGTTGTCTATAGTGTGATGAAAGAA 
 
            P  S  R  V  R  R  K  R  A  A  P  T  R  R  D  R  K  K  Q  R   240 
       661 CCCTCGCGGGTCCGACGGAAAAGGGCTGCGCCGACTCGTCGCGACCGAAAGAAACAACGA 
 
            K  Q  H  H  R  H  N  A  T  E  S  G  I  C  R  K  K  A  L  Y   260 
       721 AAGCAGCATCATCGCCACAACGCAACTGAAAGCGGAATCTGCCGGAAAAAGGCGCTTTAC 
         
            V  D  F  E  E  I  G  W  Q  E  W  I  L  A  P  K  S  Y  E  A   280 
       781 GTGGATTTCGAGGAAATCGGATGGCAGGAGTGGATTCTGGCGCCAAAAAGCTATGAAGCT 
 
            G  Q  C  V  G  S  C  P  H  P  L  P  A  H  L  N  A  T  N  H   300 
       841 GGTCAGTGTGTCGGCTCGTGCCCACATCCTCTGCCTGCGCATTTGAACGCAACCAACCAT 
 
            A  I  G  Q  S  L  T  N  S  L  N  P  Q  V  P  P  P  C  C  V   320 
       901 GCGATCGGGCAATCGTTAACCAACTCTCTCAATCCACAGGTGCCTCCACCGTGTTGTGTA 
 
            P  T  E  T  T  H  L  S  I  L  F  L  D  V  D  N  K  I  I  I   340 
       961 CCTACGGAGACGACTCATCTTTCCATACTATTTTTGGATGTCGATAATAAAATTATCATC 
 
            K  N  Y  P  D  M  R  V  E  A  C  G  C  R  .                  354 
      1021 AAAAACTATCCTGATATGCGGGTTGAAGCTTGCGGGTGTCGCTAAGGCTTTTTCATGTTC 
 
      1081 TCCACGGGCAGCGCTGGGCGTCAATAGTTTGCCACAAATAAGCGACTGTTCGCTGCCCGT 
      1141 TCTTGCCGTCCATAATCATCAGGATCTCCGCCAGACGCTGGAGAGTGCCTACGTTGCCGC 
      1201 CGCGCTGCCCCCACTATTCACCCACACGCACAGAAACACATCCCTTGTCACTCCTTAATC 
      1261 GCTCGGGTCTCTCGAAATTTCAGTGTTGGTGTTTATTCCTTCGCTATTTATTAAAATATA 
      1321 CGATTTATTGCACTAATAATTGTATACTTTTGTTTTTATTACTTTGGTGCTTATTCTGTG 
      1381 CTTA 
 
Figure 3.1a:  Nucleotide and deduced amino acid sequence of Ac-tgh-1.  The conserved C-terminal region is 
shaded in grey.  The putative proteolytic cleavage site is boxed.  The seven conserved cysteine residues are 
circled.  An open diamond surrounds the invariant proline and glycine residues.  Two predicted 
polyadenlyation signals are underlined.  Numbers to the left represent nucleotide position.  Numbers to the 
right represent amino acid position. 
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            M  I  R  P  L  S  S  S  F  C  Y  R  P  L  L  F  T  C  Y  L   20 
         1 ATGATCAGACCACTTAGCAGCAGCTTCTGCTATCGACCACTGCTATTCACCTGCTATCTA 
 
            A  A  L  F  L  T  V  H  S  E  N  C  S  D  V  C  L  E  K  M   40 
        61 GCTGCACTTTTTCTCACCGTACATTCGGAAAACTGTAGCGATGTTTGTTTAGAGAAGATG 
 
            A  Q  I  R  L  E  D  I  K  S  R  L  L  S  S  M  G  M  E  E   60 
       121 GCACAGATTCGACTTGAAGATATTAAGAGCCGTCTGTTATCGTCAATGGGCATGGAAGAA 
 
            P  P  K  V  D  H  I  D  I  P  P  S  A  I  E  Q  M  I  E  G   80 
       181 CCGCCAAAAGTCGATCACATAGATATTCCACCATCGGCCATTGAGCAGATGATCGAGGGT 
 
            M  E  E  Q  D  D  K  L  D  E  D  A  A  E  K  T  F  I  M  A   100 
       241 ATGGAAGAACAGGACGATAAGCTCGACGAAGATGCCGCCGAGAAGACGTTCATCATGGCT 
 
            V  D  P  S  D  G  F  D  R  E  T  L  V  A  R  F  P  V  S  M   120 
       301 GTTGATCCATCTGATGGGTTCGATCGTGAAACGCTCGTGGCTCGATTTCCCGTCTCGATG 
 
            T  T  M  L  R  K  V  A  K  A  Y  L  H  V  Y  L  Y  V  E  E   140 
       361 ACCACAATGTTACGGAAAGTTGCTAAGGCCTATCTCCATGTGTATTTGTACGTGGAAGAA 
 
            A  L  P  E  P  E  T  V  E  V  V  V  H  E  R  R  L  N  G  E   160 
       421 GCGCTACCTGAGCCGGAAACTGTAGAGGTGGTTGTCCACGAGCGACGATTGAACGGAGAG 
 
            V  G  E  A  V  A  T  K  T  V  T  L  Q  R  S  T  K  V  V  V   180 
       481 GTTGGTGAAGCCGTCGCGACTAAGACCGTCACCCTGCAACGAAGCACGAAAGTTGTGGTG 
 
            P  L  K  S  S  D  V  E  R  W  W  R  S  D  P  I  L  G  L  Y   200 
       541 CCATTGAAAAGCTCGGATGTGGAGAGATGGTGGCGATCCGACCCTATCCTTGGCCTCTAC 
 
            V  V  A  M  L  N  G  Q  N  I  A  V  H  P  Q  E  D  R  H  A   220 
       601 GTTGTTGCCATGTTGAATGGACAAAATATTGCTGTTCATCCACAGGAAGACCGGCATGCG 
 
            R  H  T  M  F  M  S  I  T  L  D  T  E  A  M  S  R  R  K  R   240 
       661 CGACATACGATGTTCATGTCGATCACACTGGACACAGAAGCGATGTCGCGACGGAAGCGG 
 
            S  P  A  V  C  M  P  E  D  K  E  P  G  C  C  L  Y  D  L  T   260 
       721 AGTCCGGCCGTCTGTATGCCGGAAGACAAGGAGCCTGGATGTTGTCTCTATGATCTCACT 
 
            V  D  F  Q  Q  M  G  W  K  F  I  I  A  P  H  K  Y  N  A  Y   280 
       781 GTCGACTTCCAACAAATGGGCTGGAAATTTATCATCGCACCGCACAAATACAACGCATAC 
 
            M  C  R  G  D  C  S  L  S  H  A  H  V  A  R  A  G  H  T  K   300 
       841 ATGTGCCGAGGAGACTGTTCATTAAGTCATGCTCATGTGGCTCGAGCTGGTCACACAAAG   
 
            V  A  K  T  G  I  I  T  R  Q  E  A  T  G  N  Q  G  M  C  C   320 
       901 GTGGCGAAGACGGGCATCATCACCAGGCAAGAGGCGACCGGAAATCAGGGCATGTGCTGT 
 
            H  P  A  E  Y  D  A  V  R  M  I  Y  M  N  A  D  N  Q  V  T   340 
       961 CATCCGGCTGAATACGATGCAGTTCGAATGATCTACATGAACGCCGACAACCAAGTGACG 
 
            M  A  R  V  P  G  M  I  A  R  K  C  S  C  S  .               356 
      1021 ATGGCTCGAGTTCCGGGCATGATCGCCCGCAAATGTTCGTGCTCTTGATTCTTGCGATTC 
 
      1081 ACTTTTGCTACAACGAACCCGGTCGACATACGGTCTCTGGCGGTTGCATCGCTTCCGAAG 
      1141 CGATGTCGCCATTTCGTTGATATGTGCGTGTTTTTATGAGTAATAATGTTTTCCTTTTAC 
      1201 TTCGGGGTGAAGTTTATACACATCGTGAGTAGTGATTTTTCGTAGAGTTTATAGAGCAGA 
      1261 TCTCCTTCTTCTTTAAACGTTTGTATAATGTATGAACTTTCTGCCTTTTTCTGATTGATG 
      1321 CCATGTGTAAGTGTGTTTCGTATTATGGCGAGCGCGCATGCGCACTTTCATTGCTGACTT 
      1381 GGTGATATAATCCTTTTTTCGCGGTAGATTCAATGACAAATTTGTATTCGGATGTGGATA 
      1441 TTGTATTTGACCGCCATGTGATTCTCCAATTTTGGGACCAGTTCTCGTTTCTTGGATCTC 
      1501 GGTGTGCATCTTCGGCACTTACGTGTTTTGCTTTCCAAATAAATCATCTTGGTGC 
 
Figure 3.1b:  Nucleotide and deduced amino acid sequence of Ac-tgh-2.  The conserved C-terminal mature 
peptide region is shaded in grey.  The putative proteolytic cleave site is boxed. The nine conserved cysteine 
residues are cirlcle.  An open diamond surrounds the invariant proline and glycine residues.   The predicted 
polyadenylation signal is underlined.  Numbers to the left represent nucleotide position.  Numbers to the right 
represent amino acid position.  
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Figure 3.2a:  Alignment of C-terminal deduced amino acid sequences from Ac-TGH-1 and 
three other members of the BMP/GDF/MIS subfamily of TGF-beta proteins.  Amino acids 
identical to those in Ac-TGF-1 are shaded.  Gaps, represented by dashs, are introduced to 
aid in alignment.  Numbers at the end of each line represent amino acid position in each 
respective sequence.  Accession numbers for above sequences: B. malayi TGH-1 (Bm-TGH-
1), AF012878; C. elegans DBL-1 (Ce-DBL-1), AF004385; Homo sapiens BMP-2 (Hs-
BMP-2), NM_001200. 
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Figure 3.2b:  Alignment of C-terminal deduced amino acid sequences from Ac-TGH-1 and 
three other members of the TGF-beta/Activin/Nodal subfamily of TGF-beta proteins.  
Amino acids identical to those in Ac-TGF-1 are shaded.  Gaps, represented by dashs, are 
introduced to aid in alignment.  Numbers at the end of each line represent amino acid 
position in each respective sequence.  Accession numbers for above sequences: B. malayi 
TGH-2 (Bm-TGH-2), AF104016; C. elegans DAF-7 (Ce-DAF-7), U72883; Homo sapiens 
TGF-beta1 (Hs-TGF-β1), NM_000660. 
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Figure 3.3:  Phylogenetic representation of Ac-TGH-1 and Ac-TGH-2 among 
members of the TGF-beta superfamily within the conserved C-terminal region.  
Percentages at branch points are based on 1000 bootstrap runs.  Accession numbers 
for sequences used in analysis: B. malayi TGH-1 (Bm-TGH-1), AF012878; B. 
malayi TGH-2 (Bm-TGH-2), AF104016; C. elegans DAF-7 (Ce-DAF-7), U72883; 
C. elegans DBL-1 (Ce-DBL-1), AF004395; C. elegans TIG-2 (Ce-TIG-2), 
NM_071870; C. elegans UNC-129 (Ce-UNC-129), AF029887; Homo sapiens 
Activin (Hs-ACTIVIN), X82540; Homo sapiens BMP-2 (Hs-BMP-2), NM_001200; 
Homo sapiens GDF-8 (Hs-GDF-8, myostatin), AF104922; Homo sapiens Inhibin 
(Hs-INHIBIN), X72498; Homo sapiens TGF-beta1 (Hs-TGF-B1), NM_000660; 
Homo sapiens TGF-beta2 (Hs-TGF-B2), NM_003238. 
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Figure 3.4:  Genomic Organization of Ac-tgh-1 and Ce-dbl-1.  Shaded boxes represent exons 
with the numbers above designating length in nucleotides.  Lines represent introns with the 
numbers below designating length in nucleotides.  
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Figure 3.5:  Genomic Structure of Ac-tgh-2 and Ce-daf-7.  Shaded boxes represent exons 
with the numbers above designating length in nucleotides.  Lines represent introns with the 
numbers below designating length in nucleotides. Dashed line between Exon VI and Exon 
VII is unknown Intron 6 sequence. 
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Figure 3.6: A. Southern blot of digested A. caninum genomic DNA probed with full-length 
Ac-tgh-1 cDNA.  The autoradiograph was exposed for 7 days at –70 degrees.  B. Schematic 
representation of restriction sites in genomic sequence.  There is no restriction site for 
BamHI within the known sequence.  EcoRV cuts twice producing a 2.4kb fragment and two 
flanking fragments of unknown size.   
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Figure 3.7:  A. Southern blot of digested A. caninum genomic DNA probed with full-length 
Ac-tgh-2 cDNA. The autoradiograph was exposed for 7 days at –70 C degrees.  B.  A 
control Southern blot of digested A. caninum genomic DNA probed with a 180bp PCR 
amplified product from 5.8S rDNA.   Exposed for 7 hours at –70 degrees.  C.  Schematic 
representation of restriction sites in Ac-tgh-2 genomic sequence.  There is no restriction site 
for Sal I within the known sequence.  There are 3 restriction sites for Bgl II producing an 
internal fragment of 1875bp which contains a small 97 bp region of cDNA thereby giving a 
weak hybridization signal. The first BglII site above is within partially sequenced Intron 6.  
The third BglII position is outside the coding region.  Hash marks in schematic represent 
Intron 6 of unknown length.  
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Figure 3.8:  Stage specific expression of Ac-tgh-1 and Ac-tgh-2 transcripts.  First strand 
cDNA from the various A. caninum stages were used as template in PCR using the 
following gene specific primer pairs: RDRK-5’ and ILFL-3’ for Ac-tgh-1, PPKV-5’ and 
KVAK-3’ for Ac-tgh-2, and CAMP-5’ and CAMP-3’ for Ac-pkA. Numbers to the right of 
the figure represent PCR product length for each transcript.  Ac-PkA PCR products were 
included as a calibration reference/loading control. 

Ac-tgh-1

Ac-tgh-2

Ac-pkA
Eg

g

L
1/

L
2

iL
3

ss
L

3

A
du

lt 
M

al
e

A
du

lt 
Fe

m
al

e

526bp

306bp

218bp



 80

 
 
Figure 3.9:  Expression pattern of Ac-TGH-1 and Ac-TGH-2 native proteins.  Antigen 
extracts from A. caninum infective L3s, serum stimulated L3s, and mixed male/female 
(M/F) adult worms were loaded based on comparable staining profiles observed with 
Coomassie Blue staining of the gels, blotted, and probed with rabbit antisera directed against 
(A) recombinant Ac-TGH-1 or (B) recombinant Ac-TGH-2 (upper panels) and the 
corresponding (lower panels).  Normal dog serum (NDS) used to generate the ssL3 
preparation was run as a separate control. 
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Figure 3.10:  Immunofluorescence localization.  Panels to the left are bright-field 
pictures while panels to the right are fluorescent.  Arrows point to localization of Ac-
TGH-2 (A and B) to the anterior region of the larva.  Triangles point to a cut region 
of an iL3 showing non-specific labeling. C. Recognition of many regions and cells of 
an iL3 using anti-A. caninum sera from an infected mouse. 
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4. GENE EXPRESSION PROFILES OF ARRESTED VERSUS IN VITRO 

REACTIVATED A. CANINUM LARVAE.   

 

Introduction 

In C. elegans, the transition between arrest and reactivation is a complex process 

involving many physiological changes to the worm.  To date, two prominent studies have 

been conducted to analyze the transcription profile of the dauer larva of C. elegans versus 

the other non-dauer stages.  In one study, serial analysis of gene expression identified 2016 

transcripts as being expressed only in the dauer, 358 of these were significant (p<0.05) 

(Jones, et al., 2001).   The second study used cDNA microarrays and found that 540 genes 

were down-regulated upon dauer-recovery (thereby making them dauer specific) (Wang and 

Kim, 2003).  While these two studies had different results (only 43 genes overlapped 

between the two) we can still reach the unequivocal conclusion that alterations in 

transcription are necessary for dauer maintenance and recovery.  This conclusion can likely 

be transferred to the arrest and reactivation phenomenon seen in A. caninum.  

Investigating the expression profiles of A. caninum arrested versus in vitro 

reactivated larvae provides valuable information regarding the molecular basis for the 

transition to parasitism.  This will allow a comparison with C. elegans to determine whether 

pathways are common between the free-living and parasitic nematodes.  Furthermore, 

current vaccine candidates against hookworms are focused on genes involved in this 

transition to parasitism, particularly those of the Ancylostoma secreted protein (ASP) family; 

to date, however, none have provided complete protection (Goud, et al., 2004).  Therefore, 
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genome-wide expression analyses may identify novel vaccine and chemotherapeutic 

candidates.   

The high throughput technology of expressed sequence tag sequencing has generated 

nearly 20,000 Ancylostoma sp. ESTs.  Unfortunately, many of the A. caninum homologs of 

genes known to regulate dauer maintenance and recovery in C. elegans are absent from this 

resource.  Therefore, we took two separate approaches.  The first is a complementary 

‘macroarray’ analysis using a pre-selected set of C. elegans cDNAs known to be involved in 

aging and dauer developmental control.  The ‘macroarray’ analyses profiled at least eight 

sequences that may be transcriptionally up-regulated in arrested versus in vitro serum-

reactivated A. caninum larvae.  Furthermore, about 10% of these C. elegans cDNAs 

hybridized to the A. caninum L3 cDNA targets indicating significant nucleotide sequence 

homology.   

The second study exploited the availability of A. caninum ESTs; 3800 clones from 

an iL3 cDNA library were used to conduct a microarray experiment in collaboration with 

Jenny Moser of Dr. Greg Gibson’s lab in the Department of Genetics, NCSU.  It was the 

merging of microarray technology of the Gibson lab and the understanding of A. caninum 

biology of the Arasu lab that led to this collaborative effort.  In addition to analyzing the 

expression profile of arrested versus in vitro reactivated larvae, two geographical isolates of 

A. caninum (Maryland versus North Carolina) were also examined to investigate strain 

variation and differences in infectivity rates.  Approximately 113 ESTs were shown to have 

significant changes in expression between to the two treatments, however, few differences 

were found between the strains. 
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4.1 EXPRESSION ANALYSIS OF ARRESTED VERSUS IN VITRO 

REACTIVATED A. CANINUM LARVAE: A ‘MACROARRAY’ APPROACH 

 

Materials and Methods  

Approximately 100 C. elegans genes known to be involved in aging and dauer 

development were cataloged using the literature and Proteome BioKnowledge Library 

public database (currently available through Incyte Corporation, Palo Alto, CA).  From this 

dataset, we were able to obtain 75 cDNA clones from Dr. Y. Kohara, Genome Biology Lab, 

National Institute of Genetics, Japan; 3 clones (daf-1, daf-4, and daf-7) were provided by Dr. 

D. Riddle, University of Missouri, Columbia, MO.  Information about all the C. elegans 

cDNA clones is available at the WormBase website (http://www.wormbase.org/) supported 

by the National Human Genome Research Institute at the U.S. National Institutes of Health 

and the British Medical Research Council.  Plasmid DNAs were manually arrayed (250 ng 

DNA/slot) on a nylon membrane filter using a slot-blot apparatus (Schleicher & Schuell).   

Five A. caninum cDNA clones corresponding to serine-threonine kinases were also included 

in the analyses.  32P-labeled cDNA (1 or 2 µg) from arrested and serum reactivated A. 

caninum L3s were used as targets; different batches of L3s were used in the analyses to 

control for biological variation, and initial test hybridizations with 1 versus 10 µg RNA 

showed no difference in the observed expression profiles (data not shown).  For probe 

labeling, RNA was incubated with oligo-d(T) primers, superscript reverse transcriptase 

(Invitrogen) and 32P-dATP at 37 0C for 1 h.  Probes were purified with a Sephadex G-50 

spun column.  Duplicate filters were preincubated in blocking reagent (Roche) at 37 0C for 

3-4 h, and then incubated for 12-15 h in the same solution containing 106 cpm/ml of each of 
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the labeled probes.  Radiolabeled cDNAs for each comparison (arrested L3 versus 

reactivated L3) were used at specific activities within 10% of each other.  Filters were 

hybridized at 37 0C, washed under low stringency conditions (5x SSC; 0.1% SDS for 5 

minutes at room temperature).  The radioactive slot-blots were scanned for cpm per slot 

using an Instant Imager Electronic Autoradiography System (Packard Instrument Company, 

Meriden, CT) prior to X-OMAT film exposure for 4 hours at -70 0C using an intensifying 

screen.  Each analysis was done in triplicate using two independent sets of slot blots; one set 

was stripped by washing in 0.1x SSC/1% SDS at 90 0C for 5 mins and counted for 

background levels with the Instant Imager before re-hybridization.  Positively hybridizing 

clones were selected based on a mean of >3000 cpm above the background counts for the 

pBS plasmid vector. 
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Results 

Differential expression between iL3 and ssL3 cDNAs 

Seventy-eight C. elegans cDNAs were arrayed in a slot-blot ‘macroarray’ format and 

used to probe radiolabeled A. caninum cDNA from the iL3 and the in vitro ssL3 stages.  

Using the C. elegans ‘macroarray’, comparative hybridizations were done with iL3 

radiolabeled cDNA versus in vitro ssL3 radiolabeled cDNA to identify potential differences 

in gene expression profiles.  In all experiments, the radiolabeled cDNAs were used at 

equivalent specific activity and cpm/mL of hybridization buffer.  We analyzed the data two 

separate ways.  Statistical analyses of the counts from all 84 slots for each of the three 

replicates using the mixed model analysis of variance indicated down-regulation of 

transcripts upon serum reactivation for Ce-ZK430.3 (p<0.0001), Ce-daf-16 (p<0.02) and Ce-

daf-7 (p<0.04) and up-regulation for Ce-aex-3(p<0.05); the four cDNAs correspond to 

template positions, J3, K3, L5 and D2 respectively in Figure 4.1.  ZK430.3 encodes a 

superoxide dismutase, daf-16 encodes a transcription factor in the insulin-like signaling 

pathway while daf-7 encodes the ligand in the TGF-beta pathway of dauer development, and 

aex-3 encodes a guanine nucleotide exchange factor involved in neuronal signaling.  

Although these findings show a trend, the observed hybridization signal intensities for each 

of these cDNAs were not above background on the autoradiographic exposures (Figure 

4.1b).  The mixed model analytical method depends on normalization of data from the two 

treatments to provide the same overall mean, and also assumes no bias in the set of arrayed 

clones, which was not the case with these pre-selected cDNAs.    

 In the second statistical approach, the data were qualitatively evaluated using the 

ratio of counts for ‘arrested’ to ‘reactivated’ only on clones that met the condition of >3000 
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cpm above background (Figure 4.1c).  While the profile of hybridizing C. elegans cDNAs 

was relatively similar for the two L3 populations, the ssL3 cDNA target showed 

approximately 2-fold higher signal intensities for C. elegans col-34, cam-1, daf-2, col-8, cts-

1, and unc-119.  Cloning of all the A. caninum cDNA homologues will confirm the high 

nucleotide sequence identity to the corresponding C. elegans cDNAs and the differences in 

transcript abundance between arrested and ssL3 larvae.  
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Identification of C. elegans cDNAs with homology to A. caninum cDNAs 

Based on the autoradiographic exposures (Figure 4.1), A. caninum targets from iL3 

and ssL3 showed an overlapping subset of strongly hybridizing hits that included C. elegans 

col-8, cts-1, and daf-2.  However, the ssL3 cDNA showed a greater number of hits with 

hybridization to at least 8 C. elegans cDNAs or ~ 10% of the total clones.  These positively-

hybridizing clones, indicating significant stretches of nucleotide sequence identity with A. 

caninum mRNAs, had mean signal intensities of >3000 cpm above background (Figure 

4.1c).  

 To determine if the hybridizing C. elegans clones could serve as effective probes in 

isolating the homologous A. caninum sequences, inserts of the C. elegans strongly positive 

hits were used under similar hybridization conditions as in the slot blot analyses to screen A. 

caninum BamHI and Sau3A genomic DNA libraries.  Using C. elegans col-8, col-34, cut-1, 

cam-1, and daf-2, positive hits on duplicate filter screening were obtained. With Ce-col-8 

(specifically expressed in dauers and adults but not in eggs or L4 larvae) and col-34 

(expressed in all stages), more than 50 positive plaques were identified on the initial screen 

of about 40,000 plaques.  Given that the C. elegans collagen superfamily consists of almost 

100 genes with stretches of conserved sequence but different functions and developmental 

expression (Mayne and Brewton, 1993; Levy et al., 1993), sequence analysis was done on a 

representative clone and confirmed the isolation of an A. caninum collagen (data not shown). 
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Discussion 

 Mechanisms controlling development in parasitic nematodes are still poorly 

understood at the molecular level for several reasons including the limited number of cloned 

genes of known function.  By exploiting the close homology to C. elegans, we used a 

modified microarray analysis to investigate the expression profile of arrested versus in vitro 

reactivated hookworm larvae.  Using the Proteome BioKnowledge Library (previously 

Proteome WormPD public database) and literature surveys, we identified approximately 100 

genes known to be involved in dauer regulation and aging and were able to obtain plasmids 

for 78 C. elegans cDNAs.  Similar hybridization profiles between the iL3 and ssL3 using the 

‘macroarray’ suggests the two populations may not be significantly different.  Using cDNA 

microarrays to identify transcripts specific to dauer maintenance and recovery (by 

subtracting those transcripts necessary for initiating a feeding response), Wang and Kim 

(2003) identified 1984 dauer-regulated genes.  These authors suggest that many genes up-

regulated in the dauer are expressed in order for the dauer to be ready for rapid reactivation 

when food is available.  This observation in C. elegans could also explain the limited 

differences seen in the A. caninum iL3 versus ssL3 expression profile analysis.   Further, 

other studies in C. elegans have shown that the transcriptional inhibitors actinomycin D and 

α-amanitin do not affect recovery indicating that mRNA synthesis is not required during the 

initial exit phase from the dauer or arrested state (Reape and Burnell, 1991).  A. caninum L3 

larvae exposed to normal dog serum are stimulated to feed but do not exhibit developmental 

changes or molt to the L4 stage under in vitro conditions.   The ‘macroarray’ analyses and 

the C. elegans microarray studies suggest that serum stimulation and the feeding response of 
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A. caninum larvae may represent only early phases of the reactivation process and transition 

from pre-parasitic to parasitic development. 

The close homology between C. elegans and A. caninum also allowed us to use this 

C. elegans ‘macroarray’ to identify related hookworm sequences.  At the current time, C. 

elegans microarrays are largely based on spotting long oligomers (~65 nucleotides) with 

each uniquely representing one gene in the nematode.  Even though C. elegans and A. 

caninum both fall within Clade V of the phylum Nematoda, nucleotide sequence identity of 

related genes between C. elegans and A. caninum would probably be low within such short 

nucleotide stretches.  However, cloning and sequence analysis within our lab show that the 

two organisms share some coding sequences with high nucleotide and amino acid identity 

over substantial stretches.  Our analyses suggest full length or nearly full length C. elegans 

cDNAs could be used in a slot-blot ‘macroarray’ approach to identify potential C. elegans 

cDNAs that could be used as probes to identify the A. caninum homologs.  

 Under reduced stringency conditions of hybridization and washing, A. caninum L3 

cDNA targets hybridized to approximately 10% of the C. elegans cDNAs.  The relatively 

low number of hits is likely attributed to sequence divergence.  Furthermore, the C. elegans 

cDNAs used in the macroarray analysis were selected for their roles not only in dauer larva 

development, but also in aging that included genes specific to the adult stage. Therefore, if 

expression is similar between A. caninum and C. elegans for these clones, we cannot expect 

a hybridization signal when investigating L3 stages.  Additionally, we cannot exclude 

reverse transcription bias, sample loss and mRNAs of low abundance as reasons for the low 

hybridization signals.  Regardless, this method does provide a relatively rapid method of 

exploiting the relatedness of the two nematode species to identify C. elegans probes that can 
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be used to isolate the related A. caninum sequences.  Of the positive hits using our 

‘macroarray’, both cam-1 and daf-2 are receptor tyrosine kinases; daf-2 in particular is an 

insulin-like receptor directly implicated in dauer arrest and reactivation in C. elegans.  Ce-

cut-1 encodes a component of the nematode cuticle and is expressed during dauer formation, 

while unc-119 is expressed in the nervous system and is involved in larval feeding.  Ce-pgp-

2 is an ATP-binding P-glycoprotein involved in multidrug resistance and stress responses.  

Using the Ce-col-8 and col-34 cDNAs to probe a genomic DNA library, we were able to 

isolate one of the A. caninum collagen genes confirming the effectiveness of this approach.  

A. caninum cDNA and genomic libraries are currently being probed with the identified C. 

elegans clones to isolate the related A. caninum genes and facilitate further investigations of 

the developmental biology of the parasitic nematode.  
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 1 2 3 4 5 6 
A Ce-snb-1 Ce-let-70 Ce-col-34 Ce-act-1 Ce-col-14 Ce-col-19 
B Ce-che-3 Ce-gcp-1 Ce-cam-1 Ce-rop-1 Ce-myo-2 Ce-lin-26 
C Ce-eft-3 Ce-tra-2 Ce-col-7 Ce-col-8 Ce-nex-1 Ce-msi-1 
D Ce-rol-6 Ce-aex-3 Ce-col-17 Ce-cts-1 Ce-sqt-1 Ce-nhr-50 
E Ce-sqt-3 Ce-pgp-3 Ce-npc-1 Ce-unc-13 Ce-unc-31 Ce-cua-1 
F Ce-lin-5 Ce-pcm-1 Ce-nex-2 Ce-lin-28 Ce-pgp-2 Ce-glr-1 
G Ce-odr-4 Ce-cut-1 Ce-unc-54 Ce-vit-6 Ce-col-6 Ce-mev-1 
H Ce-cab-1 Ce-cki-1 Ce-mec-8 Ce-ama-1 Ce-nhr-79 Ce-nhr-20 
       
I Ce-pdk-1 Ce-unc-44 Ce-unc-3 Ce-unc119 Ce-daf-3 Ce-akt-1 
J Ce-sma-1 Ce-daf-11 Ce-daf-16 Ce-clk -1 Ce-sma-6 Ce-age-1 
K Ce-daf-19 Ce-daf-18 CeZK430.3 Ce-dur91 Ce-phb-2 Ce-ctl-1 
L Ce-che-2 Ce-sod-1 Ce-daf-2 Ce-daf-21 Ce-daf-7 Ac-cki-1 
M Ce-daf-1 Ce-daf-4 Ac-jnk-1 Ac-stk -2 Ac-trk-1 Ac-stk -1 
N Ce-ned-8 Ce-col-36 Ce-ctl-2 Ce-col-2 Ce-pgp-1 pBS vector 

 
Figure 4.1a: Macroarray slot blot analyses of C. elegans and A. caninum cDNAs 
hybridized to A. caninum radiolabeled cDNAs.  Template for the DNA probes 
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Figure 4.1b: ‘Macroarray’ slot-blot analyses of C. elegans and A. caninum cDNAs 
hybridized to A. caninum radiolabeled cDNA.  Representative autoradiographs from 
1 analysis showing hybridization to the arrested versus reactivated A. caninum 
cDNA targets. 
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Arrested L3 Target (A) Reactivated L3 Target (R) 

cDNA 
Template 
position 

Mean 
(cpm) SD 

CV 
(%) 

Mean 
(cpm) SD 

CV 
(%) 

Ratio 
A:R 

C. elegans:         
Ce-cut-1 G2 6,156 1,608 26 7,739 945 12 1:1 
Ce-col-34 A3 5,982 1,446 24 10,591 1,243 12 1:2 
Ce-cam-1 B3 8,686 1,794 21 14,522 2,074 14 1:2 
Ce-daf-2 L3 12,172 1,282 11 19,350 2,264 12 1:2 
Ce-col-8 C4 10,565 1,401 13 16,621 3,865 23 1:2 
Ce-cts-1 D4 11,983 1,506 13 19,089 4,078 21 1:2 

Ce-unc-119 I4 4,279 708 17 6,948 812 12 1:2 
Ce-pgp-2 F5 5,494 604 11 7,069 508 7 1:1 

         
A. caninum:         

Ac-jnk-1 M3 16,273 1,780 11 25,944 3,261 13 1:2 
Ac-trk-1 M5 4,282 852 20 5,386 440 8 1:1 
Ac-stk-1 M6 9,172 567 6 16,183 2,534 16 1:2 

 
Figure 4.1c: Macroarray slot blot analysis of C. elegans and A. caninum cDNAs 
hybridized to A. caninum cDNA. Positively hybridizing clones were selected based 
on a mean count per slot of >3,000 cpm above background.   Mean cpm, standard 
deviations (SD) and the coefficient of variation (CV %) from three analyses, and the 
signal ratio for arrested to reactivated A. caninum L3 targets for each clone are 
shown. 
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4.2 EXPRESSION ANALYSIS OF ARRESTED VERSUS IN VITRO 

REACTIVATED A. CANINUM LARVAE: A MICROARRAY APPROACH 

 

Major Contributions 

 In this collaboration, Jenny Moser conducted the microarray experiments while I 

conducted the larval collections and treatments as well as the RNA preparations. Two 

independent donor dogs were maintained with each of the two geographic strains of A. 

caninum and parasite collection and RNA extractions were conducted as described under the 

Methods and Materials section of Chapter 1. 

 

Results and Discussion 

 Approximately 3800 ESTs from an A. caninum Shanghai strain iL3 library were used 

as probes and from the 4 loop analyses of treatment versus strain, 193 showed significant 

up- (73) or down-regulation (120) upon serum-stimulation (p<0.0001).  Of the 193 spots, 

113 were found to be unique with 68 down-regulated and 45 up-regulated.  The genes 

repressed upon serum stimulation can be considered important for maintenance of arrest 

while those up-regulated may be important for early stages of serum-stimulated reactivation. 

There were no significant differences between the two geographic strains of hookworm 

(p<0.0001) except for one gene.  The Ac-asp-1 gene demonstrated a significant strain by 

treatment effect due to serum stimulation, with a 6-fold reduction in expression levels in the 

Maryland strain as compared to a 3-fold reduction in the North Carolina strain.  The results 

from the microarray experiment were verified using quantitative PCR. 
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 One interesting observation made in this experiment involves members of the ASP 

family of secreted proteins.  A total of eight ASP ESTs showed a significant difference 

between arrested and reactivated L3s.  The expression of seven of the eight genes was 

reduced upon serum stimulation, while only one was up-regulated.  This observation is 

initially counterintuitive, as the ASPs are known to be involved in the early stages of 

infection and would therefore be expected to be up-regulated upon serum reactivation 

(Hawdon, et al., 1996; Hawdon, et al., 1999).  Instead, this finding supports the idea that the 

iL3 is simply readying itself for the transition to parasitism, i.e., actively transcribing and/or 

translating and storing proteins essential for the early stages of transition (Wang and Kim, 

2003).  Presumably upon infection, elevated transcription of those genes may no longer be 

necessary.  Further support for this rationale was that a greater number of transcripts (120) 

were down-regulated upon serum-stimulation as compared to the number that were up-

regulated (73). The significance of these findings should however be considered within 

context of the ESTs on the microarray which derived solely from an A. caninum iL3 cDNA 

library. 

 Another interesting finding was the lack of differences between the two geographic 

strains of A. caninum.  This result was surprising because in order to achieve a similar 

output of eggs per gram in feces, the donor dogs had to be administered 250 iL3s of the 

Maryland strain as opposed to 150 iL3s of the North Carolina strain.  Based on this 

infectivity profile, a difference in the transcription profiles of each strain was expected.  The 

absence of detectable differences may be attributed to: (1) ESTs not represented on the 

microarray, (2) biological differences at the protein level as opposed to the transcriptional, 
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or (3) only slight differences in transcription are necessary which are below the significance 

threshold of the microarray technique.   

  Parallels have been drawn between the arrested stages of A. caninum and that of the 

dauer in C. elegans (Blaxter and Bird, 1998).  Using the microarray analyses, we were able 

to compare those transcripts involved in regulation of arrest in C. elegans and A. caninum.  

Seven different ESTs repressed upon serum stimulation on the microarray correspond to 

genes shown to be important in C. elegans dauer maintenance and/or transient recovery 

(Wang and Kim, 2003).  Furthermore, eight ESTs shown to be up-regulated upon serum 

stimulation are involved in dauer recovery in C. elegans (Wang and Kim, 2003).  Although 

these are a relatively small number of genes, this study does provide some evidence that 

similar dauer/iL3 regulation exists between C. elegans and A. caninum.  Whole genome A. 

caninum arrays would provide further evidence to support this claim.   
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Conclusion 

 High throughput analyses as presented above will provide much needed information 

regarding the molecular aspects of the transition to parasitism with A. caninum.  Not only is 

this information interesting from a developmental perspective, but the identification of genes 

involved in this transition can also provide novel therapeutic and/or vaccine targets for 

combating hookworm infection.  Using C. elegans cDNAs to identify similar A. caninum 

genes may facilitate the cloning of genes involved in the reactivation process.  With the 

increasing availability of A. caninum ESTs, future microarray analyses including those ESTs 

from stages other than the iL3 will provide even further information.   
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5. Conclusions 

 
 Like several other free living and parasitic nematodes, A. caninum expresses 

components of a TGF-beta signaling pathway.  Here, we described the cloning and 

characterization of two TGF-beta-like ligands, Ac-tgh-1 and Ac-tgh-2.  These ligands show 

strong homology to C. elegans dbl-1 and daf-7, respectively, conferring members of the 

BMP/GDF/MIS and TGF-beta/Activin/Nodal subfamilies to the A. caninum genome.   The 

expression of Ac-tgh-1 follows the pattern of dbl-1 and may function in a similar manner by 

regulating body size of the parasite.  Greater interest is held in Ac-tgh-2 due to the potential 

role this ligand plays in the arrested development of the parasite.  Because Ac-tgh-2 is 

expressed during an arrested stage, unlike its C. elegans counterpart, it is possible this ligand 

has a unique role in developmental pathways of the parasite.  Immunofluorescent studies 

with antibodies to Ac-TGH-2 suggest that it is localized to the chemosensory region at the 

anterior end of the worm similar to that seen with DAF-7 in C. elegans. 

 Future work regarding the functional characterization of these ligands should 

concentrate on expressing the transcripts as soluble protein.  This could be accomplished 

through the use of a mammalian cell culture system or through expression in insect cells.  

Soluble protein would allow for a number of analyses that cannot be done with the insoluble 

expressed E. coli.  First, we could determine what affect the ligands would have the larvae 

themselves.  As stated in Section 3, it remains possible that Ac-TGH-2 functions just as 

DAF-7 does in C. elegans, but would have to be under post-translational regulations.  

Therefore, exposing arrested worms to soluble Ac-TGH-2 may stimulate them to feed and 

continue development.  Second, we could determine what affect the ligands would have on 

mammalian cells in culture.  Being members of the TGF-beta superfamily and showing 
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homology to mammalian ligands suggests these parasite-encoded ligands may be able to 

bind to mammalian TGF-beta receptors.  Binding could be demonstrated directly through 

radio-labeling of the ligands or through driving the expression of luciferase from a TGF-beta 

response element (Gomez-Escobar, et al., 2000).   

 Further functional characterization could be obtained through the use of RNA 

interference.  By targeting the knock-down of either Ac-tgh-1 or Ac-tgh-2 transcripts, we 

could determine whether or not either ligand is necessary for the initial reactivation response 

of feeding.  Preliminary data suggests soaking the worms in dsRNA may not be the best 

option (see Appendices).  Instead, we are poised to feed dsRNA expressing E. coli to the 

L1/L2 stages of A. caninum.  We plan to target Ac-tgh-1, Ac-tgh-2, two Ancylostoma 

secreted protein transcripts, and a beta-tubulin gene.  Targeting the beta-tubulin transcript 

will provide the necessary “positive control” we need in order to demonstrate the efficiency 

of the approach, as this transcript was successfully knocked-down in Brugia malayi 

(Aboobaker, et al., 2003).  Furthermore, previous work suggests RNAi will continue for at 

least two weeks beyond ingestion of the dsRNA molecules (Hussein, et al., 2002).  If this 

observation holds true for A. caninum, we could test if knocking-down Ac-tgh-2 will prevent 

the pregnancy induced reactivation and transmammary transmission of tissue-arrested larvae 

seen in our mouse model.   

 Expression profiling of A. caninum arrested versus in vitro reactivated stages was 

accomplished two separate ways.  The first was a modified microarray using C. elegans 

clones as probes against A. caninum radiolabeled transcript targets.  Not only were we able 

to demonstrate the qualitative up-regulation of several genes, we were also able to validate 

the use of C. elegans clones to isolate A. caninum homologs.  The second used ESTs from 
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an iL3 cDNA library in a microarray format.  Here, we showed the up-regulation of 72 

genes upon serum stimulation.  An interesting observation from this study was the down-

regulation of transcripts such as Ac-asp-1. Ac-ASP-1 protein is expressed and secreted from 

the serum-reactivated larvae, a result that is somewhat contradictory to our microarray 

findings.  However, this observation verifies the concept that arrested worms are simply 

readying themselves by the early transcription of genes necessary for the reactivation 

response (Wang and Kim, 2003).   

 Future work in A. caninum regarding the expression profile of arrested and 

reactivated larvae should center on the use of A. caninum clones isolated from other life-

cycle stages in the microarray format.  In addition, other stages of A. caninum should be 

used as targets, for example, the tissue-arrested L3 stage.  By examining the expression 

profile of the tissue-arrested larva and comparing it to the iL3, we may have a better 

understanding of which, if either, are more related to the dauer of C. elegans.  Furthermore, 

additional expression analyses could provide novel targets for therapeutics and/or vaccine 

candidates.   
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7. Appendices 

PRELIMINARY ANALYSES ON FUNCTION OF A. CANINUM TGF-BETA-LIKE 

LIGANDS 

Introduction 

 The characterization of two TGF-beta-like ligands from A. caninum left many 

questions regarding the function of the ligands unanswered.  Unexpected findings such as 

Ac-tgh-2 being expressed at the developmentally arrested iL3 stage suggest this ligand may 

function differently in a parasitic nematode.  Preliminary attempts to functionally 

characterize the two parasite-encoded TGF-beta-like ligands cloned are described below.  

  

 The first study is an attempt to determine how similar the A. caninum ligands are to 

the mammalian counterparts through antibody cross-reactivity studies.  Recombinant Ac-

TGH-1 and Ac-TGH-2 expressed in E. coli are insoluble protein products that require 3M 

Urea to be solubilized.  This insoluble nature prevented testing the parasite-encoded ligands 

ability to bind to and stimulate signaling from mammalian TGF-beta receptors in a cell 

culture format.  Instead, we used a mammalian TGF-beta antibody to test the similarity 

between mammalian and parasite ligands.   

 The second study is a preliminary vaccine trial.  Recent molecular work regarding A. 

caninum clones has been centered on identifying vaccine candidates, particularly those 

involved in the development and/or genes important for parasitism.  It is possible that Ac-

tgh-1 and/or Ac-tgh-2 may be influencing host TGF-beta signaling or may be involved in the 

development of the worm itself.  Therefore, we immunized mice with E. coli expressed Ac-
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TGH-1 and Ac-TGH-2 and challenged them with a hookworm infection to test for affects on 

worm burden. 

 Lastly, exploiting RNAi biology, we attempted to knock-down Ac-tgh-1 and Ac-tgh-

2 transcripts in the iL3.  By soaking the larvae in high concentrations of dsRNA 

corresponding to each transcript, we analyzed (1) whether the dsRNA alone influenced 

feeding in the iL3 and (2) whether soaking in dsRNA would influence the ability of 5% 

NDS to stimulate feeding.  Recent RNAi data involving parasitic nematodes suggests 

ingestion of the dsRNA may be necessary to knock-down transcripts.  Therefore, another 

approach is described whereby we will feed dsRNA expressing E. coli to the bacterivore 

L1/L2 stages of A. caninum.   



 126

7.1 ANTIBODY CROSS-REACTIVITY STUDIES; MAMMALIAN VERSUS A. 

CANINUM TGF-BETA. 

 
Materials and Methods  

 Recombinant A. caninum TGF-beta-like ligands, Ac-TGH-1 and Ac-TGH-2, were 

expressed, purified, and injected into rabbits for anti-sera production as previously described 

(page 55).  A total of 15ng of prolactin (Sigma), insulin (Sigma), growth hormone (Sigma), 

BMP-2 (R&D Systems), TGF-beta1 (R&D Systems), Ac-TGH-1 and Ac-TGH-2 was 

separated on 4-20% gradient SDS-PAGE gels and electroblotted onto NitroPure supported 

nitrocellulose membranes (Osmonics, Inc., Minnetonka, MN) at 3V/cm for 18 hours at room 

temperature.  Prolactin, insulin, and growth hormone were included as similarly sized 

negative controls.  Rabbit anti-Ac-TGH-1 and Ac-TGH-2 antibodies and pan-specific anti-

TGF-beta antibodies (R&D Systems) were the primary antibodies used at a 1:10,000 

dilution based on success in previous immunoblots.  The commercially purchased pan-

specific antibody was produced through immunization of rabbits with a mixture of purified 

human rTGF-beta1, porcine rTGF-beta, and amphibian rTGF-beta5.  Anti-rabbit IgG 

secondary antibodies used at a 1:25,000 dilution in the ECL Western blotting system to 

detect antibody reactivity with blotted proteins as per manufacturer’s protocol (Amersham, 

Buckinghamshire, UK).
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Results 

 As shown in Figure 1, there were no hybridizing bands in the region between the 

standard markers of 5.7 and 18.5 kDa indicating that the pan-specific mammalian/human 

TGF-beta antibody failed to recognize either of the A. caninum TGF-beta-like ligands on the 

immunoblot.  There was only a faint self-recognition (relative to the other blots) of the 

positive control, human TGF-beta1, which has a molecular weight of ~12.5 kDa on a 

denaturing gel.  Further, the pan-specific anti-TGF-beta antibody apparently bound non-

specifically to other proteins of higher molecular weight.  The pan-specific TGF-beta 

antibody also showed a high level of non-specific binding to carrier proteins and higher 

molecular weight contaminating proteins in other lanes  (Figure 7.1.1, Arrow B).  This non-

specific recognition is clearly seen in the BMP-2 lane at approximately 70 kDa which is not 

the size of the BMP-2 recombinant protein, i.e. ~12.5 kDa (Figure 7.1.1).   

 Polyclonal antibodies raised against Ac-TGH-2 failed to recognize any protein on the 

blot other than itself (Figure 7.1.2).  A longer exposure of the immunoblot only intensified 

the bands in the Ac-TGH-2 lane and increased the background (Figure 7.1.2).  Anti-Ac-

TGH-1 antibodies showed a similar effect (Figure 7.1.3).  The other bands seen in the anti-

Ac-TGH-1 immunoblot (under prolactin and Ac-TGH-2 lanes) are likely gel artifacts.   

Protein sequence comparison of human prolactin and Ac-tgh-1 using Blast shows no 

significant similarity suggesting antibodies raised against Ac-TGH-1 should not recognize 

prolactin but this does not rule out the possibility of conformational similarities.
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Discussion 

 Hookworm infection can be a chronic disease and without treatment, adult worms 

can survive in the intestines of a dog for months at a time.  Treatment with anthelmintics 

eliminates the adult intestinal stage of the parasite but apparently does not prevent or 

substantially reduce the burden of re-infection suggesting absence of complete protective 

immunity (Albonico, et al., 1995).  In order to survive these extended periods within the 

host, the parasite must evade or modulate the host immune system.  Hookworms do not 

replicate within the host and also cannot overcome the immune system through swift 

antigenic variation, like that seen with bacteria, viruses, or protozoa (e.g., malaria, 

Trypanosoma) (Maizels, et al., 1993).  Instead, they must rely on immune evasion strategies 

developed through co-evolution with the mammalian immune system (Benke, et al., 1992, 

Maizels, et al., 1993).  Many different strategies have been suggested for immune evasion 

by helminths including shedding surface components of the cuticle (Benke, et al., 1992), 

mimicking host antigens (Benke, et al., 1992), or direct modulation through secretion of 

factors that either degrade or antagonize components of the immune system (Maizels, et al., 

2001). 

  Members of the transforming growth factor-beta (TGF-beta) superfamily have 

diverse biological functions.  Based on knockout studies in mice, the function of TGF-beta1 

is to down-regulate the immune response, as these mice appear developmentally normal, yet 

succumb to a multi-organ inflammatory cell infiltration resulting in death by day 20 post-

gestation (Shull, et al., 1992).  With this immuno-suppressive ability, it is reasonable to 

suggest that parasites encoding their own TGF-beta homologs may be signaling to host 

receptors resulting in the down-regulation of an immune response.  Requirements include 
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the secretion of the parasite-encoded ligand into the host and a high sequence similarity 

between host and parasite ligands.  In the case of Bm-tgh-2, both of these criteria seem to 

have been met (Gomez-Escobar, et al., 2000).  Bm-tgh-2 is both secreted by the adult in 

culture and has the ability to bind to and stimulate signaling from mammalian TGF-beta 

receptors (Gomez-Escobar, et al., 2000).   

 Western blot analysis with A. caninum excretory/secretory products from the ssL3 

and mixed adult stages and anti-Ac-TGH-1 and anti-Ac-TGH-2 antibodies showed no 

specific reactivity.  It remains possible that A. caninum secretes these proteins if these 

attempts were limited by detection strategies.  Recombinant Ac-TGH-1 and Ac-TGH-2 

expressed in E. coli are insoluble protein products that require solubilization in 3M Urea.  

As a result, these E. coli expressed recombinant proteins cannot be used for in vitro binding 

assays with mammalian receptors (Gomez-Escobar, et al., 2000).  Therefore, we 

investigated the overall similarity of the parasite-encoded ligands with mammalian ligand by 

antibody cross-reactivity studies.  Primary amino acid sequence analysis suggests Ac-TGH-

1 is 71% similar to BMP-2 (50% identical), while Ac-TGH-2 is 46% similar to mammalian 

TGF-beta1 (28% identical). 

 The inability of the pan-specific TGF-beta antibody to recognize either Ac-TGH-1 or 

Ac-TGH-2 could also be attributed to other biological and/or technical reasons.  First, the 

denaturing gels used would not allow the antibody to recognize appropriately folded 

proteins.  This may explain the positive control of human rTGF-beta being weakly 

recognized by the pan-specific anti-TGF-beta antibody at a level below the non-specific 

recognition seen in other lanes (Figure 7.1.1).  Secondly, the similarity between Ac-TGH-2 

and TGF-beta1 may be too low for anti-TGF-beta antibodies to recognize Ac-TGH-2. 
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 Antibodies against Ac-TGH-1 and Ac-TGH-2 only recognized the proteins they 

were raised against and did not bind to mammalian BMP-2 or TGF-beta1 (Figures 7.1.2 and 

7.1.3).  Reasons for this include those given above, but also the manner the antibodies were 

generated.  As mentioned earlier, recombinant Ac-TGH-1 and Ac-TGH-2 are insoluble 

proteins when produced in E. coli therefore, these recombinant proteins are not folded as 

proper TGF-beta-like ligands.  The likelihood that the antibodies generated against the 

insoluble hookworm proteins would recognize conserved structural motifs in other TGF-

beta homologs is low.   
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Conclusion 

Immune evasion and modulation is a key strategy for long-term helminth survival 

within hosts.  Identifying factors secreted from helminths that modulate the immune 

response may provide novel therapeutic strategies against these parasites.  While Western 

blot analysis did not show reactivity between anti-human TGF-beta antibodies and the A. 

caninum TGF-beta-like ligand recombinant protein constructs, it remains possible that if 

properly folded, the parasite-encoded ligands may be similar enough to the mammalian 

homologs to bind the mammalian receptor and trigger the TGF-beta signaling cascade in 

mammalian cell. 



 132

 
Figure 7.1.1: Anti-TGF-beta Immunoblot.  Western blot analysis of various mammalian 
signaling peptides, Ac-TGH-1 and Ac-TGH-2.  Arrow  “A” points to recombinant TGF-
beta1 as a monomer.  Arrow “B” points to non-specific higher molecular weight carrier 
proteins (mammalian peptides) or contaminating E. coli proteins (Ac-TGH-1 and Ac-TGH-
2).  Molecular weights in kDa are shown to the left.   
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Figure 7.1.2: Anti-Ac-TGH-2 Immunoblot. Western blot analysis of various mammalian 
signaling peptides,  Ac-TGH-1 and Ac-TGH-2.  Arrow points to Ac-TGH-2.  Molecular 
weights in kDa are shown to the left.  
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Figure 7.1.3: Anti-Ac-TGH-1 Immunoblot. Western blot analysis of various mammalian 
signaling peptides, Ac-TGH-1 and Ac-TGH-2.  Arrow points to Ac-TGH-1.  Molecular 
weights in kDa are shown to the left. 
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7.2 IMMUNIZATION OF MICE WITH RECOMBINANT AC-TGH-1 AND AC-

TGH-2 AND SUBSEQUENT LARVAL CHALLENGE 

 
Materials and Methods  
 
 Infective A. caninum L3’s (iL3) were collected from 7 day old co-cultures of 

charcoal and feces from laboratory Beagle dogs infected with a naturally occurring Wake 

County, North Carolina strain of hookworm, as previously described (Arasu and Kwak, 

1999). Recombinant Ac-TGH-1 and Ac-TGH-2 was expressed and purified as previously 

described (page 55). The relative concentration was determined by analysis of Coomassie 

stained SDS-PAGE with serial dilutions of a bovine serum albumin (BSA) standard.  

Soluble iL3 antigen extract was obtained by grinding iL3 in liquid nitrogen, dissolving the 

resulting powder in Tris-base (pH 7.5), sonicating briefly on ice, and centrifuging at high-

speed to remove particulates.  Protein content of the soluble extracts was determined using 

BioRad’s Protein Assay kit and a BSA standard.   

Three to five month old BALB/c mice (Taconic) received an intraperitoneal injection 

of 5ug of either Ac-TGH-1, Ac-TGH-2, soluble iL3 antigen, or PBS control emulsified with 

Freund’s complete adjuvant as the primary immunization.  The second immunization 

followed two weeks later with the same conditions as above, except that Freund’s 

Incomplete adjuvant was used.  Two weeks after the second immunization, the mice were 

challenged with a subcutaneous injection of 1000 iL3s.  Two weeks following challenge, the 

mice were sacrificed via guillotine. The guillotine euthanasia method was selected because 

of previously observed effects of isoflurane and carbon dioxide euthanasia on larval 

recovery yields. The entire carcass minus skin was minced, wrapped in cheesecloth, and 

incubated in a modified Baermann assembly, i.e., plastic wineglass, with PBS for 4 hours at 
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37 C.  Due to geotrophy, L3s within the tissues migrate to the bottom of the glass and can be 

easily recovered and counted. A total of five mice were used for each experiment.  There 

were only 4 mice in the soluble iL3 antigen trial, as one mouse was injured during the 

experiment and was immediately sacrificed.  
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Results 

 From previous studies in the lab approximately 50% of the larvae administered 

subcutaneously to a BALB/c mouse can be retrieved at day 10-14 post infection, which is 

the timeframe from infection to dissemination of the parasites into their developmentally 

arrested niches in host tissue.  In this experiment, larval yields were an average of 600 L3s 

(+/- 28) from our PBS control, 622 (+/- 29) from Ac-TGH-1 treated mice, 578 (+/- 108) 

worms from Ac-TGH-2 treated mice, and 738 (+/- 73) from soluble L3 antigen treated mice.  

Statistical analysis with 1-way ANOVA suggests the recovery of worms from each of the 

treatments is significantly different (p=0.0165) (Figure 1 and Table 1).  No significant 

difference was observed between PBS and Ac-TGH-1 treated mice, as well as between PBS 

and Ac-TGH-2 treated mice.  We did find a difference between worm burden in PBS and 

soluble L3 antigen treated mice with a Student’s t-test p-value of 0.015.   
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Discussion 

 In spite of global efforts to eradicate hookworm disease using anthelminthic drugs, 

these parasites remain a major cause of morbidity seen throughout the developing world 

(Crompton, 1999).  While treatment with the benzimidazole classes of anthelminthic drugs 

does efficiently clear the host of intestinal infection, this treatment is short lived and also has 

a minimal effect on the tissue arrested stages of A. duodenale.  If the host remains in a 

hookworm-endemic region, they can re-acquire infection as the development of acquired 

immunity following natural infection does not appear to take place (Albonico, et al., 1995).  

Furthermore, there is a concern regarding the development of antihelminthic resistant 

hookworms.  Only one published account regarding the failure of a benzimidazole to clear 

human hookworm infection exists (De Clercq, et al., 1997), however, benzimidazole-

resistant parasitic nematodes of livestock have been around for many years (Waller, 1994).  

This suggests that with continued use of benzimidazole and other classes of anthelminthics 

to treat human hookworm infections, resistant strains can be expected (Hotez, et al., 2003a).  

Therefore, vaccination against hookworm infection remains a viable option for decreasing 

the prevalence of hookworm disease (Hotez, et al., 2003a).  

 Many attempts at developing a recombinant vaccine against A. caninum have been 

concentrated around proteins that are excreted/secreted from the worm at the L3 or adult 

stage or proteins that are important in hookworm metabolism (Loukas, et al., 2004; Hotez, et 

al., 2003b; Sen, et al., 2000; Ghosh, et al., 1996).  However, some success in protecting 

sheep from Haemonchus contortus infection (a blood-feeding parasitic-nematode also in 

Clade V) has been achieved by vaccinating with a gut antigen protein complex not generally 

recognized by the host during an infection (Knox and Smith, 2001).  Therefore, it remains 
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possible that vaccinating with hookworm-derived proteins that may not be excreted/secreted 

into the host could provide protection.   

 Here, we immunized BALB/c mice with E. coli expressed Ac-TGH-1 and Ac-TGH-

2 to investigate parasite-encoded ligand effects on the host by examining if immunization 

affects worm burden.  Immunizing with proteins that may be similar to host expressed 

proteins could cause a number of effects.  Among these are if the parasite-encoded proteins 

are similar enough to host-encoded ligands we may not see an immunological response at all 

due to protection of an autoimmune response.  Again, if the parasite-encoded ligands are 

similar to the host ligands, the antibodies generated may interfere with both parasite and host 

signaling machinery.  If the A. caninum TGF-beta-like ligands were significantly different, 

antibodies generated may specifically interact with the A. caninum ligands and therefore 

could interfere with important developmental aspects of the larvae.   

As shown above, there is no statistical difference between worm burden in mice 

given PBS versus immunization with Ac-TGH-1 or Ac-TGH-2.  Vaccination of hamsters 

with soluble antigen extracts from the adult stage of A. ceylanicum results in reduction of 

hookworm associated pathology and worm burden (Bungiro, et al., 2001; Khan, et al., 

1996).  Vaccination of dogs with soluble L3 antigens from A. caninum also provides 

protective immunity against both the level of worm burden and hookworm associated 

anemia (Steves, et al., 1981).  Therefore, we used soluble L3 antigens as a positive control in 

our studies.  Intriguingly, the immunization using soluble L3 antigens increased worm 

burden in mice (p=0.015); this increase could be attributed to the stress experienced by 

animals in this cage which displayed excessive aggression, and any conclusions would 

require a repeat of the entire experiment.  
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 Explanations regarding the inability of Ac-TGH-1 and Ac-TGH-2 immunizations to 

affect hookworm infection in mice include the possibility of a lack of immune response to 

the recombinant proteins.  This is unlikely since we have previously immunized mice with 

these recombinant constructs and obtained strong antibody responses to the immunizing 

protein.  Furthermore, immunization against these A. caninum ligands may not present itself 

as affecting worm burden in mice.  Within the parasite, these ligands may also be 

sequestered away and inaccessible to the host immune response.  Lastly, the immunizations 

were carried out with E. coli expressed proteins that are insoluble and likely to be 

improperly folded and not functionally active; the antibody response to these denatured 

proteins may not have generated a protective immune response as compared to properly 

folded native protein from the parasite.  
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Conclusion 

 Immunization of mice with Ac-TGH-1 and Ac-TGH-2 followed by challenged with 

A. caninum iL3 did not have a significant effect on the parasite burden compared to the 

control animals. Even if a reduction in worm burden had been observed, these ligands would 

not necessarily be suitable targets for vaccination due to their sequence similarity with host 

TGF-beta-like ligands that have ubiquitous and critical roles in a range of mammalian 

cellular functions. On the other hand, a difference in worm burden relative to the control 

animals may have provided some clues as to the functional capacity of these ligands. 
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            Table 7.2: Vaccination Trial ANOVA Results. 

Source of Variation SS df MS F P-value
Between Groups 64733.84 3 21577.95 4.706002 0.016525
Within Groups 68777.95 15 4585.197

Total 133511.8 18



 143

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2:  Worm burden in mice immunized with Ac-TGH-1, Ac-TGH-2, or soluble iL3 
Ag extracts with adjuvant.  Y-axis represents the immunization given (PBS is a negative 
control, no protein was injected).  X-axis represents the number of worms recovered from 
the immunized mice.  Asterisk indicates a significant difference between PBS control and 
Sol L3 Ag (p=0.01). 
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7.3 RNA INTERFERECE: SOAKING A. CANINUM L3’S IN AC-TGH-1 AND AC-

TGH-2 DOUBLE-STRANDED RNA 

 
Materials and Methods  
 
Parasites: 

 Infective L3’s from A. caninum were collected from 7 day old co-cultures of 

charcoal and feces from laboratory beagle dogs infected with a Wake Country strain of 

hookworm, as previously described (page 52).  In addition to the washes with medicated 

PBS, the iL3’s were treated with 1% bleach for 5 minutes followed by at least three RNase-

free 1X PBS washes.   

 

In vitro transcription and RNAi by soaking: 

 Full-length Ac-tgh-1 and Ac-tgh-2 were cloned into pET expression vectors as 

previously described (page 55).  Using these plasmids as template in PCR, RFG-5’ and 

EAC-3’, and FTA-5’ and RKC-3’ primers (Table 7.3.1) were used to amplify full-length Ac-

tgh-1 and Ac-tgh-2, respectively.  The cycling parameters were 1 cycle of 95 0C for 5 

minutes, 40 cycles of 95 0C for 30 seconds, 65 0C for 30 seconds, 72 0C for 1 minute, 1 

cycle of 72 0C for 5 minutes, followed by a 4 0C hold.  These products were run out on 1% 

agarose gels, bands were excised and purified using Qiagen’s QiaEx gel extraction kit.  The 

gel purified, linear, full-length PCR products were then used as template in a subsequent 

PCR using the same primers listed above, with the addition of T7-tags on the 5’ end of each 

primer (T7-RFG-5, T7-EAC-3’, T7-FTA-5’, T7-RKC-3) (Table 7.3.1).  The T7-tagged PCR 

products were again run out on a 1% agarose gel, bands were excised and gel purified as 

above.  The T7-tagged gel purified products were incubated with 10ug/mL of Proteinase K 
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(Sigma) for 30 minutes at 37 0C, followed by phenol-chloroform extraction and ethanol 

precipitation.   

 The proteinase K treated products were then used in an in vitro transcription reaction 

to generate full-length, double stranded RNA (dsRNA) of Ac-tgh-1 and Ac-tgh-2 using 

Ambion’s Megascript RNAi kit and manufacture’s protocols.  Briefly, 1ug of T7-tagged Ac-

tgh-1, T7-tagged Ac-tgh-2, or Ambion’s control template was mixed with reaction buffer, 

ATP, GTP, CTP, UTP, and T7 enzyme.  The templates were transcribed for a total of 4 

hours at 37 0C.  The transcription reactions were then heated to 75 0C for 5 minutes, then 

cooled to room temperature.  Incubation with DNase I and RNase was done for 1 hour at 37 

0C to remove contaminating DNA and ssRNA.  The dsRNA was washed over columns 

provided in the kit and eluted in diethyl pyrocarbonate (1%) treated 1X PBS.   

 Approximately 500 iL3s were exposed to either PBS, dsRNA from Ac-tgh-1, dsRNA 

from Ac-tgh-2, or dsRNA from Ambion’s control template at a concentration of at least 

1mg/mL for 18 hours at 37 0C /5% CO2 in individual microcentrifuge tubes; small holes 

were poked in the lids of the microfuge tubes for aeration (volume ~30uL).  The dsRNA 

treated (or PBS treated) worms were then split in half.  To verify dsRNA alone would not 

influence the feeding response of iL3s, half were incubated for 2 hours at 37 0C /5% CO2 in 

the presence of 2.5mg/mL FITC-conjugated BSA, examined under a fluorescent 

microscope, and at least 50 worms were scored as positive or negative for feeding, based on 

the presence (positive) or absence (negative) of a fluorescent intestinal tract.  To determine 

the effect of soaking worms in dsRNA on the ability to stimulate the worms to feed, the 

other half of dsRNA treated iL3’s were incubated for another 18 hours at 37 0C /5% CO2 in 

the presence of 5% normal dog serum (NDS).  These dsRNA, NDS treated L3’s were then 
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tested for feeding as described above.   A flowchart illustrating these treatments is presented 

in Figure 7.3.1.  

In vivo transcription:   

 Different constructs of Ac-tgh-1 and Ac-tgh-2 were originally cloned into 

EcoRI/BamHI restricted pBluescript vector (Novagen).  Three different constructs of Ac-

tgh-1 were cloned: an N-terminal portion amplified with the Bam-RFG-5’ and Eco-EGM-3’ 

primers (Table 7.3.1), a C-terminal portion corresponding to regions amplified with Bam-

AAP-5’ and Eco-EAC-3’ primers (Table 7.3.1), as well as a full-length transcript amplified 

with Bam-RFG-5’ and Eco-EAC-3’ primer (Table 7.3.1).  Ac-tgh-2 constructs were similar: 

an N-terminal portion amplified with Bam-FTA-5’ and Eco-EQQ-3’ (Table 7.3.1), a C-

terminal portion amplified with Bam-SPA-5’ and Eco-RKC-3’ (Table 7.3.1), as well as a 

full-length transcript amplified with Bam-FTA-5’ and Eco-RKC-3’ (Table 7.3.1).  All three 

pBluescript constructs from Ac-tgh-1 and Ac-tgh-2 were subsequently cut with either BamHI 

and EcoRI or BamHI and HindIII, ran out on a 1% agarose gel, inserts were excised and gel 

purified and ligated into the pLitmus28i vector cut with either BamHI and EcoRI or BamHI 

and HindIII using common molecular techniques.  The pLitmus28i vector’s multiple cloning 

site contains flanking T7 transcription start sites. The ligated plasmids were then 

transformed into NovaBlue singles (Novagen).  Those plasmids positive for insert were 

subsequently transformed into the RNaseIII deficient strain of E. coli, HT115 (CGC).  Three 

other A. caninum cloned genes were selected as controls corresponding to Ac-asp-1, Ac-asp-

2 and Ac-beta tubulin; these pBluescript plasmid recombinants were from the EST 

sequencing project through Washington University’s Parasitic Nematode Project, digested 
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with BamHI/KpnI, and ligated into the pLitmus28i vector.  These constructs were also used 

to transform HT115 cells.   

 HT115 E. coli cells containing one of the above mentioned constructs were grown to 

an OD 600 of 0.4 at 37 0C and induced for 3 hours using 1mM IPTG.  RNA from these 

induced cells was extracted using RNA-STAT (Tel-Test, Inc.)as per manufacture’s 

instructions.  Total RNA from each extraction was run on a 1% agarose gel.     
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Results 

iL3s Treated with in vitro transcribed dsRNA:  

 Based on microscopic observations, the iL3’s treated with dsRNA for 18 hours 

appeared phenotypically normal.  They were viable and maintained motility.  To verify 

exposure to dsRNA would not stimulate a feeding response of the iL3, we tested worms 

only exposed to dsRNA (or PBS) for 18 hours for feeding.  As shown in Figure 7.3.2 and 

Table 7.3.2, there was no statistical difference in the feeding response of the worms exposed 

to dsRNA versus those exposed to PBS.  This result confirms soaking in dsRNA will not 

influence a feeding response.   To determine the effect soaking in dsRNA had on the ability 

to stimulate the iL3s with NDS, the remaining dsRNA treated worms were exposed to 5% 

NDS for an additional 18 hours.  These worms also appeared phenotypically normal.  As 

shown in Figure 3 and Table 3, there was no statistical difference between the worms soaked 

in dsRNA versus those soaked in PBS in the ability of 5% NDS to stimulate feeding.   

 

Production of dsRNA in vivo with E. coli (HT 115) 

 Primer locations for Ac-tgh-1 and Ac-tgh-2 used to clone constructs into the 

pLitmus28i vector is shown in Figure 7.3.4.  All constructs, including the ASPs and beta-

tubulin, were able to generate the corresponding dsRNA in the HT115 strain of E. coli upon 

1mM IPTG induction (Figure 7.3.5).  These dsRNA expressing bacterial clones will be fed 

to first and second larval stages of A. caninum in subsequent studies.  
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Discussion 

 RNAi has recently been shown to be a valuable technique for determining gene 

function in animal and plant parasitic nematodes where classical genetic manipulation is not 

an option (Aboobaker, et al., 2003; Hussein, et al., 2002; Boyle, et al., 2003; Skelly, et al., 

2003; Urwin, et al., 2002).  By soaking the parasitic nematode in dsRNA, one can achieve a 

targeted knock-down of the corresponding endogenous transcript (and protein), allowing the 

observation of subsequent phenotypes.  Most past successful attempts were accomplished by 

stimulating the parasitic nematodes to feed or by using a stage in the life-cycle that may be 

feeding (and presumably ingest the dsRNA).  However, it remains possible that dsRNA can 

enter nematodes by absorption through the cuticle, since RNAi has been demonstrated with 

adult female B. malayi worms; a stage believed to be non-feeding (Aboobaker, et al., 2003).  

We planned to use “feeding” as the phenotype observed, therefore, stimulating the worms to 

feed and ingest dsRNA was not an option.  Instead, we relied on the possibility that dsRNA 

soaks into the non-feeding iL3s allowing us to knock-down the targeted transcripts and 

observe a difference in feeding responses.   

 Genetic evidence in C. elegans demonstrates that daf-7 is involved in regulating the 

growth and development of the worm (Ren, et al., 1996).  Without the expression of daf-7, 

the worm would arrest in development at the dauer stage and would remain in that state until 

daf-7 was expressed (Ren, et al., 1996).  Ac-tgh-2 is the A. caninum homolog of C. elegans 

daf-7 (Chapter 3).  Like C. elegans, A. caninum has states of arrested development in its 

lifecycle including the non-feeding stage just prior to entering the host, the infective L3.  We 

predicted that knocking down Ac-tgh-2 would result in a diminished feeding response of the 

iL3s when stimulated to feed in vitro with 5% normal dog serum.  Here, Ac-tgh-1 (the C. 
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elegans dbl-1 homolog) would serve as a hookworm specific negative control as the 

expression of this ligand would predictably not influence the arrest/reactivation of the iL3, 

based on its function in C. elegans.  A reduced feeding response was not observed in worms 

treated with Ac-tgh-2 dsRNA followed by serum stimulation, as worms exposed to PBS (no 

dsRNA), non-A. caninum control dsRNA, Ac-tgh-1, or Ac-tgh-2 dsRNA all statistically had 

the same feeding response (Figure 7.3.3 and Table 7.3.3).   

 Other than the possibility that Ac-tgh-2 does not regulate this developmental aspect 

of the hookworm, reasons for this negative result are two-fold.  First, in C. elegans, genes 

expressed in neuronal tissue appear to be RNAi resistant.  This resistance may be due to the 

absence of sid-1 expression in these tissues (Winston, et al., 2002).  Sid-1 is a 

transmembrane protein predicted to be involved in the systemic spread of RNAi, therefore, 

tissues not expressing the protein would not be affected.  Daf-7 and dbl-1 are both expressed 

in neuronal tissue and are not affected by RNAi, i.e., no RNAi phenotype has been observed 

(Ren, et al., 1996; Suzuki, et al., 1999; Gonczy, et al., 2000; Kamath, et al., 2003).  If Ac-

tgh-2 follows the expression profile of daf-7 (as predicted based on preliminary 

immunofluorescence studies), and the RNAi biology between A. caninum and C. elegans is 

similar, then this transcript may also be resistant to RNAi in the hookworm.   

 Another reason we did not see an affect in feeding responses based on dsRNA 

treatment may be that the dsRNA never entered the worm.  As mentioned previously, we did 

not stimulate the iL3s to feed and ingest the dsRNA because the feeding response was the 

phenotype we wanted to observe.  Instead, we were relying on the possibility that dsRNA 

would soak through the cuticle.  Due to the low amount of dsRNA readily available, we 

were only able to treat relatively small numbers of iL3s (~500 per treatment).  This 
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prevented us from doing RNA extractions in order to determine whether or not there was a 

decrease in relative transcript abundance between Ac-tgh-1, Ac-tgh-2, or PBS treated worms.  

If the dsRNA was labeled with FITC, as done previously (Aboobaker, et al., 2003), we may 

have been able to demonstrate whether or not the dsRNA entered the worm.   

 If the latter explanation is the reason for not observing an RNAi phenotype with iL3s 

from A. caninum, we believe we have an alternative procedure to alleviate the problem of 

dsRNA ingestion.  Like a previous study which used stages of the worms life cycle that are 

naturally feeding (Hussein, et al., 2002), we plan to use the L1 and L2 stage of A. caninum 

in our subsequent studies.  The L1 and L2 stages of the hookworm are actively feeding on 

bacteria in the environment in order to grow to the non-feeding, infective L3 stage.  We plan 

to exploit this by feeding E. coli expressing dsRNA to the L1 and L2 stages of the 

hookworm.  Theoretically, this should cause an RNAi effect in the L1 and L2, just as it does 

in C. elegans (Timmons and Fire, 1998).  The RNAi effect can last up to two weeks in other 

parasitic nematodes (Hussein, et al., 2002), therefore, we should be able to observe any 

phenotype in the iL3 as it takes only 5 days to go from the egg to the iL3.  This method also 

alleviates the problem of working with too few worms for RNA extraction.  We can treat 

thousands of eggs/L1s/L2s with dsRNA expressing E. coli allowing us to do meaningful 

RNA extractions.  Furthermore, expense will not keep us from testing other positive-control 

transcripts that should be affected by RNAi (as they are not expressed exclusively in the 

neurons), such as the ASPs and beta-tubulin.  In the case of the ASPs, we can test for the 

knocking-down of transcript as well as the presence/absence of protein in the 

excretory/secretory products of the dsRNA treated iL3/ssL3.  As shown previously, treating 

B. malayi with dsRNA corresponding to beta-tubulin results in death of the worms, a 
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phenotype that can also be easily scored (Aboobaker, et al., 2003).  Having generated the E. 

coli constructs and verified efficient expression of dsRNA (Figure 7.1.5), further 

experiments can now be initiated to examine RNA interference with the A. caninum L1/L2 

stages. 
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Conclusion 

 The use of RNAi in determining gene function in parasitic nematodes is a powerful 

new technique.  Here, soaking the iL3 stage of A. caninum in PBS compared to dsRNA 

corresponding to Ac-tgh-1, Ac-tgh-2 or a non-A. caninum control template, shows no 

significant effect on the feeding response either before or after stimulation with normal dog 

serum.  This could be due to resistance of the tested transcripts to RNAi or the possibility 

that the dsRNA never entered the worm.  Further studies will examine the effect of feeding 

E. coli expressing dsRNA to the early life stages (L1/L2) of A. caninum. 
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RNAi by Soaking: 
 RFG-5’  5’-cgatttggtttcccccgt-3’ 
 EAC-3’  5’-gcgacacccgcaagcttc-3’ 
 FTA-5’  5’-tcacagcattgacgatg-3’ 
 RKC-3’  5’-agagcaggaacatttgcg-3’ 
 T7-RFG-5’  5’-taatacgactcactatagggcgatttggtttcccccgt-3’ 
 T7-EAC-3’  5’-taatacgactcactataggggcgacacccgcaagcttc-3’ 
 T7-FTA-5’  5’-taatacgactcactataggggtcacagcattgacgatg-3’ 
 T7-RKC-3’  5’-taatacgactcactatagggagagcaggaacatttgcg-3’ 
 
RNAi by Feeding: 
 BamHI-RFG-5’ 5’-cccggatcccgatttggtttcccccgt-3’ 
 BamHI-AAP-5’ 5’-cccggatccgctgcgccgactcgtcgcgac-3’ 
 EcoRI-EGM-3’ 5’-cccgaattcgtcctgttcttccataccct-3’ 
 EcoRI-EAC-3’ 5’-cccgaattcgcgacacccgcaagcttc-3’ 
 BamHI-FTA-5’ 5’-ccggatcctcacagcattgacgatg-3’ 
 BamHI-SPA-5’ 5’-cccggatccagtccggccgtctgtatgccg-3’ 
 EcoRI-EQQ-3’ 5’-cccgaattctatctcaggatgttgctgtt-3’ 
 EcoRI-RKC-3’ 5’-ccgaattcagagcaggaacatttgcg-3’ 
 

Table 7.3.1:  Primers used for PCR. Restriction sites BamHI and EcoRI as well as the T7 
transcription start sites are underlined. 



 155

 
 
Figure 7.3.1:  RNAi Treatment flow chart.  
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Figure 7.3.2:  Verification that dsRNA alone will not influence the feeding response 
of iL3s.  Feeding response of iL3’s treated with only dsRNA (or PBS) for 18 hours. 
Double stranded RNA treatments are listed along the x-axis.  Values on the y-axis 
represent the feeding response as percent feeding.  Error bars represent +/- one 
standard deviation.     
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Table 7.3.2: ANOVA Results for dsRNA treated iL3s. 

ANOVA Table
Source of Variation SS df MS F P-value
Between Groups 70.94667 3 23.64889 3.176906 0.085
Within Groups 111.6 8 7.444

Total 182.6067 11
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Figure 7.3.3:  Feeding response of iL3s treated with dsRNA for 18 hours followed by 
a 5% NDS treatment for 18 hours.  Double stranded RNA treatments are listed along 
the x-axis.  Values on the y-axis represent the feeding response as percent feeding.  
Error bars represent +/- one standard deviation. 
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Table 7.3.3: ANOVA results for dsRNA and 5% NDS treated iL3’s. 

ANOVA Table
Source of Variation SS df MS F P-value
Between Groups 61.69371 3 20.56457 2.681743 0.12
Within Groups 115.0254 8 7.66835

Total 176.7191 11
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Figure 7.3.4:  Relative primer locations for (A) Ac-tgh-1 and  (B) Ac-tgh-2. 
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Figure 7.3.5:  RNA extracts from dsRNA expressing E. coli.  1% agarose gel of RNA 
extracts from HT115 E. coli induced to express dsRNA by 1mM IPTG.  Values to the left 
indicate size of bands in DNA marker.  Lanes are labeled with extract loaded onto gel and 
the relative size of the insert expressed.  Some constructs were highly expressed and 
produced bright white bands (example FTA+EGM) while others were more weakly 
expressed (example FTA+RKC).   
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7.4 EXPRESSION AND PURIFICATION OF RECOMBINANT AC-TGH-1 AND 

AC-TGH-2 

 
Slab-Gel Method of Purification 

 Full-length and C-terminal portions of Ac-tgh-1 and the C-terminus of Ac-tgh-2 were 

cloned into the E. coli pET28 expression vector as described in Chapter 3 (page 55).  

Expression of the constructs was induced as described on page 56.  Purification was 

attempted by running SDS extracts (100mM Tris-Cl, pH 6.8, 200mM dithiothreitol, 4% 

SDS, diluted 1:1 in 0.2% bromophenol blue, 20% glycerol prior to loading) of C-terminal 

Ac-TGH-1 and Ac-TGH-2 induced cultures on slab SDS-PAGE gels (Figure 7.4.1a and 

7.4.1b, respectively).  Gel slices containing the desired protein were cut out. The slice was 

then electroeluted in protein running buffer (25mM Tris, 250 mM Glycine, 0.1% SDS; 100 

Volts for 4 hours) inside dialysis tubing and dialyzed in phosphate buffered saline (PBS) for 

16 hours.  The dialyzed protein was concentrated using a 3,000 MW cut-off Millapore 

concentrator and analyzed via SDS-PAGE (Figure 7.4.2). 

 As seen in Figure 7.4.2, very little protein was obtained from the Ac-TGH-1 prep (<1 

µg) and no protein was obtained from the Ac-TGH-2 prep.  Therefore, this method is not a 

practicable option for obtaining enough protein material to immunize mice and/or rabbits.  

Furthermore, several high molecular weight bands are seen in the electroeluted, 

concentrated, Ac-TGH-1 prep (Figure 7.4.2, Lane 3) at a concentration similar to that of 

desired of protein (open block arrow) suggesting this method fails to significantly purify the 

desired protein. 
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Nickel Column Method of Purification 

 Full-length and C-terminal portions of Ac-TGH-1 and the C-terminus of Ac-TGH-2 

were expressed in E. coli BL21 (DE3) as described on page 56.  To determine whether the 

recombinant protein was found in the soluble or insoluble fractions, the resulting cell pellet 

was resuspended in 50mM Tris-HCl pH8, 2mM EDTA, 100 µg/mL lysozyme and 0.1% 

Triton X, as per manufacturer’s instructions.  This suspension was sonicated and centrifuged 

at 12,000g.  The resulting aqueous solution was removed and stored (soluble fraction).  The 

remaining pellet (insoluble fraction) was washed in the above solution twice (minus the 

lysozyme), followed by resuspension in 6M Urea, 5mM imidazole, 500mM NaCl, 20mM 

Tris-HCl pH 7.9 (binding buffer) and incubated on ice for one hour.   The soluble and 

insoluble fractions were then loaded on SDS-PAGE gels.  As seen in Figure 7.4.3, 

recombinant protein was found in the insoluble fraction for all three constructs.   

 Purification of the above proteins solubilized in 6M Urea was done using HIS-bind 

resin as per manufacturer’s instructions (Novagen).  Briefly, the recombinant proteins 

dissolved in 6M urea binding buffer were applied to HIS-bind columns.  The columns were 

then washed with 6M urea binding buffer, followed by washes with 6M urea wash buffer 

containing different concentrations of imidazole (20, 40, or 60mM imidazole, 500mM NaCl, 

20mM Tris HCl pH 7.9).  Purified proteins were eluted using 6M urea elution buffer (1M 

imidazole, 500mM NaCl, 20mM Tris-HCl pH 7.9).  The columns were then stripped using 

6M urea strip buffer (100mM EDTA, 500mM NaCl, 20mM Tris-HCl pH 7.9).  Figure 7.4.4 

demonstrates the purification process of full-length Ac-TGH-1, Figure 7.4.5 demonstrates 

the purification process of C-terminal Ac-TGH-1, and Figure 7.4.6 demonstrates the 

purification process of C-terminal Ac-TGH-2.  Figure 7.4.7 shows the estimation of 
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recombinant protein material after concentration using 3,000 MW cut-off Millapore 

concentrators by comparing to a BSA standard.  The purified proteins shown in Figure 7.4.7 

were used to immunize mice and rabbits for polyclonal antibody production.  
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Figure 7.4.1:  SDS extracts of E. coli expressed C-terminal (A) Ac-TGH-1 and (B) 
Ac-TGH-2 on Coomassie stained slab gels.  Arrows indicate the region of each gel 
sliced and electroeluted.   
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Figure 7.4.2: Coomassie stained SDS-PAGE gel of SDS extracts, unconcentrated, 
and concentrated electroeluted C-terminal Ac-TGH-1 and Ac-TGH-2 recombinant 
proteins.   Lane 1: Total SDS extract of E. coli expressed Ac-TGH-1. Lane 2: 
Unconcentrated electroelution of Ac-TGH-1.  Lane 3: Concentrated electroelution of 
Ac-TGH-1.  Lane 4: Total SDS extract of E. coli expressed Ac-TGH-2.  Lane 5:  
Unconcentrated electroelution of Ac-TGH-2.  Lane 6: Concentrated electroelution of 
Ac-TGH-2.  Lane 7: Protein marker.  Open block arrows point to C-terminal Ac-
TGH-1 protein while the shaded block arrow points to C-terminal Ac-TGH-2 
protein.  Protein mass at 35.5 kDa in lane 1 is sample overloaded in the previous lane 
(not shown).   
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Figure 7.4.3:  Coomassie stained gel of soluble and insoluble protein extracts from E. 
coli expressed C-terminal Ac-TGH-1, full-length Ac-TGH-1, and C-terminal Ac-
TGH-2.  Lane 1: Marker.  Lane 2: Soluble protein extract from E. coli culture 
induced to express C-terminal Ac-TGH-1.  Lane 3: Insoluble protein extract from 
Lane 1 culture.  Lane 4: Soluble protein extract from E. coli culture induced to 
expressed full-length Ac-TGH-1.  Lane 5: Insoluble protein extract from Lane 3 
culture.  Lane 6: Soluble protein extract from E. coli culture induced to express C-
terminal Ac-TGH-2.  Lane 7: Insoluble protein extract from Lane 6 culture.  Open 
block arrows indicate the presence of desired recombinant protein. 

1 2 3 4 5 6 7

108 kDa
90 kDa

50.7 kDa

35.5 kDa
28.6 kDa

21.2 kDa



 168

 
 
 

Figure 7.4.4: Purification of E. coli expressed full-length Ac-TGH-1.  Lane 1: 
Marker.  Lane 2: Insoluble protein extract of an E. coli culture induced to express 
full-length Ac-TGH-1.  Lane 3: Insoluble protein extract after passed through Nickel 
column.  Lane 4:  Binding buffer wash.  Lane 5: Wash buffer wash (60mM 
imidazole).  Lane 6: Protein eluted off column using elution buffer.  Lane 7:  Protein 
stripped off the nickel column using stripping buffer.   
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Figure 7.4.5: Purification of E. coli expressed C-terminal Ac-TGH-1.  Lane 1: 
Marker.  Lane 2: Soluble extract of E. coli culture induced to express C-terminal Ac-
TGH-1.  Lane 3: Insoluble extract of Lane 2 culture.  Lane 4: Insoluble protein 
extract after passed through nickel column.  Lane 5:  Binding buffer wash.  Lane 6: 
Wash with 20mM imidazole wash buffer.  Lane 7: Wash with 40mM imidazole wash 
buffer.  Lane 8: Wash with 60mM imidazole wash buffer.  Lane 9: Protein eluted off 
column using elution buffer.  Lane 10: Protein stripped off column using stripping 
buffer. 
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Figure 7.4.6: Purification of E. coli expressed C-terminal Ac-TGH-2.  Lane 1: 
Marker.  Lane 2: Soluble protein extract of E. coli culture induced to express C-
terminal Ac-TGH-2.  Lane 3: Insoluble protein extract of Lane 2 culture.  Lane 4: 
Insoluble protein extract after passing through nickel column.  Lane 5: Binding 
buffer wash.  Lane 6: Wash with 20mM imidazole wash buffer.  Lane 7: Wash with 
40mM imidazole wash buffer.  Lane 8: Wash with 60mM imidazole wash buffer.  
Lane 9: Protein eluted with elution buffer.  Lane 10: Protein stripped with stripping 
buffer.   
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Figure 7.4.7:  Estimation of purified and concentrated A. caninum recombinant 
proteins concentration by BSA standard.  These purified proteins were used to 
immunize mice and rabbits for polyclonal antibody production.   
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