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Abstract
Hymenolepis nana is a ubiquitous parasite, found throughout many developing and developed
countries. Globally, the prevalence of H. nana is alarmingly high, with estimates of up to 75
million people infected. In Australia, the rates of infection have increased substantially in the
last decade, from less than 20% in the early 1990’s to 55 - 60% in these same communities
today.

Our knowledge of the epidemiology of infection of H. nana is hampered by the

confusion surrounding the host specificity and taxonomy of this parasite. The suggestion of the
existence of two separate species, Hymenolepis nana von Siebold 1852 and Hymenolepis
fraterna Stiles 1906, was first proposed at the beginning of the 20th century. Despite ongoing
discussions in the subsequent years it remained unclear, some 90 years later, whether there were
two distinct species, that are highly host specific, or whether they were simply the same species
present in both rodent and human hosts. The ongoing controversy surrounding the taxonomy of
H. nana has not yet been resolved and remains a point of difference between the taxonomic and
medical literature.
The epidemiology of infection with H. nana in Australian communities is not well understood
as the species present in these communities has never been identified with certainty. It is not
clear which form of transmission commonly occurs in Australia, whether the H. nana
‘strain/species’ present in the north-west of Western Australia is present in human and rodent
hosts, or whether humans harbour their own ‘strain/sub-species’ of Hymenolepis. Furthermore,
it is not known whether mice are a potential zoonotic source for transmission of Hymenolepis to
human hosts.

In this study, 51 human isolates of H. nana were inoculated into highly

susceptible laboratory rodent species. However, these failed to develop into adult worms in all
instances, including when rodent species were chemically and genetically immunosuppressed.
In addition, 24 of these human isolates were also cross-tested in the flour beetle intermediate
host, Tribolium confusum. Of these, only one isolate developed to the cysticercoid stage in
beetles, yet when inoculated into laboratory rodents, the cysticercoids also failed to develop into
adult stage.
Since isolates of H. nana infecting humans and rodents are morphologically indistinguishable,
the only way they can be reliably identified is by comparing the parasite in each host using
molecular criteria. In the current study, three regions of ribosomal DNA, the small subunit
(18S), the first internal transcribed spacer (ITS1) and the intergenic spacer (IGS) were chosen
for genetic characterisation of Hymenolepis spp. from rodent and human hosts from a broad
geographic range. In addition, a mitochondrial gene, the cytochrome c oxidase subunit 1 (C01)
gene and a non-ribosomal nuclear gene, paramyosin, were characterised in a number of
Hymenolepis isolates from different hosts.
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A small PCR fragment of 369 bp, plus a larger fragment of 1223 bp, were sequenced from the
18S gene of reference isolates of H. nana and the rat tapeworm H. diminuta. Minimal sequence
variation was found in the two regions of the 18S between these two morphologically distinct,
phylogenetically recognised species, H. nana and H. diminuta, and this indicated that the 18S
gene was too conserved for further genetic characterisation of isolates of H. nana from different
hosts.
A large number of human isolates of H. nana (104) were characterised at the ITS1 using PCRrestriction length fragment polymorphism (PCR-RFLP). The profiles obtained were highly
variable and often exceeded the original size of the uncut fragment. This was highly suggestive
of the existence of ribosomal spacers that, whilst identical in length, were highly variable in
sequence.

To overcome the problems of the variable PCR-RFLP profiles, further

characterisation of the ITS1, by cloning and sequencing 23 isolates of H. nana, was conducted
and this confirmed the existence of spacers which, although similar in length (approximately
646 bp), differed in their primary sequences. The sequence differences led to the separation of
the isolates into two clusters when analysed phylogenetically. This sequence variation was not,
however, related to the host of origin of the isolate, thus was not a marker of genetic distinction
between H. nana from rodents and humans. Indeed, the levels of variability were often higher
within an individual isolate than between isolates, regardless of whether they were collected
from human or mice hosts, which was problematic for phylogenetic analysis. In addition, mixed
parasite infections of H. nana and the rodent tapeworm H. microstoma were identified in four
humans in this study, which was unexpected and surprising, as there have been no previous
reports in the literature documenting humans as definitive hosts for this parasite. Further studies
are required, however, to determine if the detection of H. microstoma in humans reflects a
genuine, patent infection or an atypical, accidental occurrence.
Sequencing of the mitochondrial cytochrome c oxidase 1 gene (C01) in a number of isolates of
Hymenolepis nana from rodents and humans identified a phylogenetically supported genetic
divergence of approximately 5% between some mouse isolates compared to isolates of H. nana
from humans.

This provided evidence that the mitochondrial C01 gene was useful for

identifying genetic divergences in H. nana that were not resolvable using nuclear loci. Despite
a morphological identity between isolates of H. nana from rodent and human hosts, the genetic
divergence observed between isolates at the mitochondrial locus was highly suggestive that
H. nana is a species complex, or “cryptic” species (= morphologically identical yet genetically
distinct).

In addition, whilst not supported by high bootstrap values, a clustering of the

Australian human isolates into one uniform genetic group that was phylogenetically separated
from all the mouse isolates was well supported by biological data obtained in this study. To
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confirm the phylogeny of the C01 tree a small segment of the nuclear gene, paramyosin, was
sequenced in a number of isolates from humans and rodents. However, this gene did not
provide the level of heterogeneity required to distinguish between isolates from rodent and
human hosts. The high sequence conservation of the paramyosin gene characterised in this
study did not refute the finding that H. nana may be a cryptic species that is becoming host
adapted. It simply did not provide additional data to that already obtained.
A DNA fingerprinting tool, PCR-RFLP, of the ribosomal intergenic spacer (IGS), was
developed in this study in order to evaluate its usefulness in tracing particular genotypes within
a community, thus determining transmission patterns of H. nana between rodent and human
hosts. Analysis of the IGS of numerous H. nana isolates by PCR-RFLP identified the presence
of copies of the IGS that, whilst similar in length, differed in their sequence. Similar to that
observed in the ITS1, the existence of different IGS copies was found in both rodent and human
isolates of H. nana, thus the variability was not evidence of the existence of a rodent- or humanspecific genotype. Evaluation of the intergenic spacer (IGS) as a fingerprinting tool suggests
that this region of DNA is too variable within individuals and thus, cannot be effectively used
for the study of transmission patterns of the tapeworm H. nana between different hosts.
In summary, it appears that the life cycle of H. nana that exists in remote communities in the
north-west of Western Australia is likely to involve mainly ‘human to human’ transmission.
This is supported by both the biological and genetic data obtained for the mitochondrial locus in
this study. The role of the intermediate hosts, such as Tribolium spp., in the Hymenolepis life
cycle is still unclear, however it would appear that it may be greatly reduced in the transmission
of this parasite in remote Australian communities. In the future, it is recommended that further
genetic characterisation of faster evolving mitochondrial genes, and/or suitable nuclear genes be
characterised in a larger number of isolates of H. nana. The use of techniques which can
combine the characterisation of genotype and phenotype, such as proteomics, may also be
highly valuable for studies on H. nana from different hosts.
-oOo-

Characterisation of Community-Derived Hymenolepis Infections in Australia

v

TABLE OF CONTENTS
Abstract ...............................................................................................................................................iii
Acknowledgements ..............................................................................................................................x
Acknowledgements ..............................................................................................................................x
Publications .........................................................................................................................................xi

1.

GENERAL INTRODUCTION .............................................................................. 1
1.1.
Classification and Nomenclature ...............................................................................................................1
1.2.
Morphology and Physiology of the Adult Worm.......................................................................................4
1.3.
Life Cycle ..................................................................................................................................................7
1.3.1.
Direct ..............................................................................................................................................7
1.3.2.
Indirect ............................................................................................................................................9
Transmission............................................................................................................................................10
1.4.
1.5.
Cross-Transmission Studies Between Human and Rodent Isolates .........................................................13
1.6.
Diagnosis .................................................................................................................................................14
1.7.
Prevalence................................................................................................................................................14
1.8.
Symptoms ................................................................................................................................................16
1.9.
Clinical Features and Pathogenesis..........................................................................................................17
1.10.
Effects of Immunosuppression ................................................................................................................18
1.11.
Prevention and Control ............................................................................................................................20
1.12.
Molecular Approaches to Genetic Characterisation of Hymenolepis nana ..............................................24
1.12.1.
Limitations Associated with Molecular Approaches.....................................................................25
1.12.2.
PCR-Based Approaches................................................................................................................26
Choosing the Most Appropriate Regions of DNA for Molecular Characterisation .................................28
1.13.
1.13.1.
Ribosomal Genes ..........................................................................................................................28
1.13.2.
Mitochondrial Genes.....................................................................................................................31
Hypotheses and Aims ..............................................................................................................................33
1.14.
1.14.1.
Aims..............................................................................................................................................33
Definition of Terms .................................................................................................................................34
1.15.

2.

GENERAL MATERIALS AND METHODS..................................................... 37
2.1.
2.1.1.
2.1.2.
2.2.
2.3.
2.4.
2.5.
2.6.

Collection of Parasite Material ................................................................................................................37
Rodent...........................................................................................................................................37
Human...........................................................................................................................................38
Detection of Hymenolepis Eggs in Faeces Using Zinc-Sulphate Flotation ..............................................38
PCR Amplification of DNA and Automated Sequencing........................................................................38
Agarose Gel Electrophoresis....................................................................................................................40
Cloning of PCR Products and Recombinant Clone Screening.................................................................40
Purification of Plasmid DNA...................................................................................................................42

3. IN VIVO INFECTION TRIALS OF HUMAN ISOLATES OF
HYMENOLEPIS NANA IN INSECT AND RODENT SPECIES ............................. 44
3.1.
Introduction .............................................................................................................................................44
3.2.
Materials and Methods.............................................................................................................................45
3.2.1.
Source of Parasites ........................................................................................................................45
3.2.2.
Infection of Mice and Beetles Using Laboratory ‘Reference’ Strain ............................................46
3.2.3.
Isolation of H. nana Eggs from Human Faeces by Saturated NaCl Flotation for Inoculation into
Rodent Hosts.................................................................................................................................47
3.2.4.
Inoculation of Rodents with Hymenolepis Eggs and Cysticercoids ..............................................47
3.2.5.
Infection Methods Tested Using Human Isolates..........................................................................47
3.2.5.1.
In Mice ...............................................................................................................................48
3.2.5.2.
In Beetles............................................................................................................................48
3.2.6.
Cortisone Acetate Treatment.........................................................................................................49
3.2.6.1.
Mice....................................................................................................................................49
3.2.6.2.
Rats.....................................................................................................................................50
3.2.6.3.
Hamsters.............................................................................................................................50
3.2.7.
Viability Tests...............................................................................................................................50
3.2.7.1.
Trypsin Digestion ...............................................................................................................50
3.2.7.2.
Nucleic Acid Dyes..............................................................................................................51
Results .....................................................................................................................................................52
3.3.
3.3.1.
Infection Trials Using a Japanese Laboratory Reference Isolate in Mice and Beetles ..................52
3.3.2.
Infection Trials of Human Isolates in Mice and Rats ....................................................................52
3.3.3.
Infection Trial of Mice, Rats and Hamsters Treated with Cortisone Acetate ................................53
3.3.4.
Viability Tests Using Trypsin Digestion and Nucleic Acid Dye Staining.....................................53
Discussion................................................................................................................................................54
3.4.

Characterisation of Community-Derived Hymenolepis Infections in Australia

vi

4. SEQUENCING THE RIBOSOMAL DNA UNIT (18S TO 28S) IN
HYMENOLEPIS SPECIES. ......................................................................................... 61
4.1.
4.2.
4.2.1.
4.2.2.
4.2.3.
4.2.4.
4.3.
4.3.1.
4.3.2.
4.3.3.
4.4.
4.5.

5.

Introduction .............................................................................................................................................61
Materials and Methods.............................................................................................................................63
Source and Collection of Parasite Material ...................................................................................63
Purification of Total DNA From Adult Worms ............................................................................63
18S Primer Design, PCR Amplification and Sequencing of a Small 18S Gene Product (369 bp) 64
Primer Design, PCR Amplification and Sequencing of Entire rDNA Unit (18S – 28S) ...............65
Results .....................................................................................................................................................66
Sequence Analysis of the Small 18S Product (369 bp) .................................................................66
Sequence Analysis of the Entire rDNA Unit (18S – 28S).............................................................67
Intra- and Inter-Individual Variation.............................................................................................67
Discussion................................................................................................................................................69
Appendix .................................................................................................................................................71

EVALUATION OF DNA EXTRACTION TECHNIQUES.............................. 75
5.1.
Introduction .............................................................................................................................................75
5.2.
Materials and Methods.............................................................................................................................76
5.2.1.
Source and Collection of Parasite Material ...................................................................................76
5.2.2.
Extraction of DNA From Adult Worms (Positive Controls).........................................................77
5.2.3.
Pre-Treatment of Human Faecal Samples Prior to DNA Extraction .............................................77
5.2.4.
Extraction of Total DNA From Human Faeces.............................................................................78
5.2.4.1.
Method 1 (PVPP+ Glass Milk)...........................................................................................78
5.2.4.2.
Method 2 (Lysis Buffer + Proteinase K + Glass Milk).......................................................78
5.2.4.3.
Method 3 (N-Cetyl-N,N,N-trimethyl-ammoniumbromide (CTAB))..................................79
5.2.4.4.
Method 4 (CTAB + ProCipitate™) ....................................................................................79
5.2.4.5.
Method 5 (Chelex® + Phenol/Chloroform + NaAc) .........................................................80
5.2.4.6.
Method 6 (Chelex® + ProCipitate™ + NaAc/EtOH)........................................................81
5.2.5.
Extraction of Total DNA From Mouse Faeces..............................................................................81
5.2.5.1.
Method 7 (Lysis Buffer + Glass Milk) ...............................................................................81
5.2.6.
Design of PCR Primers .................................................................................................................82
5.2.7.
Specificity and Inhibition Testing of PCR Primers ....................................................................... 82
5.2.8.
PCR Amplification of 249 bp Fragment .......................................................................................83
Results .....................................................................................................................................................83
5.3.
5.3.1.
PCR Amplification of Hymenolepis DNA From Human Faeces..................................................83
5.3.2.
PCR Amplification of Hymenolepis DNA From Mouse Faeces...................................................83
5.3.3.
Specificity and Inhibition of PCR Primers....................................................................................84
Discussion................................................................................................................................................85
5.4.

6.

PHYLOGENETIC ANALYSIS OF THE RIBOSOMAL ITS1 AND
MITOCHONDRIAL C01 GENES IN HYMENOLEPIS ................................... 90
6.1.
6.2.
6.2.1.
6.2.2.
6.2.3.
6.2.4.
6.2.5.
6.2.6.
6.2.7.
6.2.8.
6.3.
6.3.1.
6.3.2.
6.3.3.
6.3.4.
6.3.5.
6.3.6.
6.3.7.
6.3.8.
6.4.
6.4.1.
6.4.2.

7.

Introduction .............................................................................................................................................90
Materials and Methods.............................................................................................................................93
Source and Collection of Parasite Material ...................................................................................93
Purification of Genomic DNA From Adult Worms (Reference Isolates)......................................93
Purification of Human and Mouse Faeces.....................................................................................93
Primer Design, PCR Amplification and Sequencing of rDNA ITS1.............................................93
Specificity and Inhibition Testing of ITS1 Primers.......................................................................95
PCR-RFLP of rDNA ITS1 ............................................................................................................95
PCR Amplification and Sequencing of Mitochondrial C01 ..........................................................96
Phylogenetic Analysis...................................................................................................................97
Results .....................................................................................................................................................97
PCR-RFLP Analysis of ITS1 ........................................................................................................97
Sequence Analysis of ITS1 ...........................................................................................................98
Inter and Intra-Individual Variation of the ITS1 ......................................................................... 100
Specificity ................................................................................................................................... 104
Phylogenetic Analysis ITS1........................................................................................................ 105
Sequence Analysis of C01 .......................................................................................................... 105
Inter and Intra-Individual Variation C01..................................................................................... 108
Phylogenetic Analysis C01 ......................................................................................................... 110
Discussion.............................................................................................................................................. 112
Phylogenetic Analysis of Ribosomal ITS1.................................................................................. 114
Phylogenetic Analysis of Mitochondrial C01 ............................................................................. 118

PHYLOGENETIC CHARACTERISATION OF A THIRD GENETIC LOCI
IN HYMENOLEPIS ............................................................................................ 122
7.1.

Introduction ........................................................................................................................................... 122

Characterisation of Community-Derived Hymenolepis Infections in Australia

vii

7.1.1.
Triosephosphate Isomerase ......................................................................................................... 123
7.1.2.
Paramyosin.................................................................................................................................. 124
Materials and Methods........................................................................................................................... 125
7.2.
7.2.1.
Source and Collection of Parasite Material ................................................................................. 125
7.2.2.
Purification of DNA From Adult Worms, Human and Mouse Faeces........................................ 125
7.2.3.
TPI Primer Design ...................................................................................................................... 126
7.2.4.
PCR Amplification and Sequencing of TPI Products.................................................................. 127
7.2.4.1.
TPI-F and TPI-R1............................................................................................................. 128
7.2.4.2.
TPI-F and TPI-R2............................................................................................................. 128
7.2.5.
Primer Design for Paramyosin (Pmy) Products .......................................................................... 128
7.2.5.1.
Nested Primers for Paramyosin ........................................................................................ 129
7.2.6.
PCR Amplification and Sequencing of Pmy Products ................................................................ 131
7.2.6.1.
Pmy-F and Pmy-R (840 bp).............................................................................................. 131
7.2.6.2.
Ext-F and Ext-R (Primary Nested PCR Reaction) (700 bp) ............................................. 131
7.2.6.3.
Int-F and Int R (Secondary Nested PCR Reaction) (625 bp) ............................................ 131
7.2.7.
Phylogenetic and Statistical Analysis of Pmy ............................................................................. 131
Results ................................................................................................................................................... 132
7.3.
7.3.1.
Sequence Analysis of Triosephosphate Isomerase (TPI) PCR Products ..................................... 132
7.3.2.
Sequence Analysis of Paramyosin (Pmy) PCR Products ............................................................ 133
7.3.3.
Inter and Intra-Individual Variation ............................................................................................ 134
7.3.4.
Phylogenetic Analysis................................................................................................................. 135
7.3.4.1.
Paramyosin ....................................................................................................................... 135
Discussion.............................................................................................................................................. 136
7.4.
7.5.
Appendix ............................................................................................................................................... 142

8.

GENETIC CHARACTERISATION OF THE RIBOSOMAL INTERGENIC
SPACER IN HYMENOLEPIS ........................................................................... 145
8.1.
Introduction ........................................................................................................................................... 145
8.2.
Materials and Methods........................................................................................................................... 153
8.2.1.
Source and Collection of Parasite Material ................................................................................. 153
8.2.2.
Purification of Genomic DNA From Adult Worms (Reference Isolates).................................... 153
8.2.3.
Purification of Human and Mouse Faeces for DNA Amplification ............................................ 153
8.2.4.
Primer Design for rDNA Intergenic Spacer (IGS) of H. nana, H. diminuta and H. microstoma 154
8.2.5.
PCR Amplification, Cloning and Sequencing of rDNA IGS of H. nana, H.diminuta and H.
microstoma.................................................................................................................................. 155
8.2.6.
PCR-RFLP Primer Design and PCR Amplification of 867 bp RFLP Fragment (H. nana only) . 157
8.2.7.
Specificity Testing of IGS PCR-RFLP Primers .......................................................................... 158
8.2.8.
PCR-RFLP of Small IGS Fragment Generated by Nested Primers............................................. 159
8.2.9.
PCR Amplification and Sequencing of Portugese Isolates, M26 and M27 at the Mitochondrial
C01 Locus ................................................................................................................................... 159
Results ................................................................................................................................................... 160
8.3.
8.3.1.
Sequence Analysis of the Entire IGS (H. nana, H. diminuta and H. microstoma) ..................... 160
8.3.2.
PCR-RFLP Analysis of the Small (867 bp) IGS Fragment of H. nana Isolates .......................... 160
8.3.2.1.
PCR-RFLP of Australian Mouse and Human Isolates...................................................... 161
8.3.2.1.1.
Hha I............................................................................................................................. 161
8.3.2.2.
PCR-RFLP of Portugese and Italian Mouse Isolates ........................................................ 165
8.3.2.2.1.
Hha I............................................................................................................................. 165
8.3.2.2.2.
Hae III .......................................................................................................................... 166
8.3.3.
Sequencing of the 867 bp PCR-RFLP Product of Four Isolates (H13, H16, M16, M17)............ 167
8.3.4.
Specificity of IGS PCR-RFLP Nested Primers ........................................................................... 170
Discussion.............................................................................................................................................. 171
8.4.
8.4.1.
PCR Efficiency ........................................................................................................................... 172
8.4.2.
Analysis of PCR-RFLP ............................................................................................................... 172
8.4.3.
Analysis of the Sequence of the Small IGS-PCR-RFLP Product (867 bp) of H13, H16, M16 and
M17............................................................................................................................................. 173
8.4.4.
Analysis of PCR-RFLP of Portugese Mouse Isolates ................................................................. 174
8.4.5.
Sequence Heterogeneity in the Multi-Copy IGS......................................................................... 176
Appendix ............................................................................................................................................... 178
8.5.

9.

DETECTION OF THE RODENT TAPEWORM HYMENOLEPIS
MICROSTOMA IN HUMANS. EVIDENCE FOR ZOONOTIC
TRANSMISSION?.............................................................................................. 185
9.1.
Introduction ........................................................................................................................................... 185
9.2.
Materials and Methods........................................................................................................................... 186
9.2.1.
Source and Collection of Parasite Material ................................................................................. 186
9.2.2.
Purification of DNA From Adult Worms.................................................................................... 186
9.2.3.
Purification of DNA From Human and Mouse Faeces ............................................................... 187
9.2.4.
Primer Design, PCR Amplification and Sequencing................................................................... 187

Characterisation of Community-Derived Hymenolepis Infections in Australia

viii

9.2.5.
PCR-Restriction Fragment Length Polymorphism (PCR-RFLP) of ITS1................................... 187
9.2.6.
Specificity Testing of ITS1 Primers............................................................................................ 188
9.2.7.
Morphological Comparison of H. nana and H. microstoma Eggs by Microscopy ...................... 188
Results ................................................................................................................................................... 189
9.3.
9.3.1.
Sequence Analysis of ITS1 ......................................................................................................... 189
9.3.2.
Intra and Inter-Individual Variation ............................................................................................ 190
9.3.3.
Specificity ................................................................................................................................... 191
9.3.4.
PCR-RFLP Analysis of ITS1 ...................................................................................................... 192
9.3.5.
Morphology of H. nana and H. microstoma Eggs ....................................................................... 195
Discussion.............................................................................................................................................. 196
9.4.

10. GENERAL DISCUSSION ................................................................................. 204
10.1.
10.2.

Introduction ........................................................................................................................................... 204
Evaluation of the Ribosomal Genes (18S, ITS1 and IGS) as Markers of Variability Between Rodent and
Human Isolates of H. nana .................................................................................................................... 207
10.2.1.
18S Ribosomal Gene................................................................................................................... 207
10.2.2.
Internal Transcribed Spacer 1 (ITS1) Ribosomal Gene .............................................................. 208
10.2.2.1.
Sequence Differences Between rDNA Spacers of Ribosomal Genes ............................... 210
10.2.2.1.1.
Maintenance of rDNA Copies on Different Chromosomes .......................................... 211
10.2.2.1.2.
Transposons.................................................................................................................. 212
10.2.2.1.3.
Hybridisation Events .................................................................................................... 212
10.2.2.1.4.
Interbreeding ................................................................................................................ 213
10.2.3.
Internal Transcribed Spacer 2 (ITS2).......................................................................................... 214
10.2.4.
Intergenic Spacer (IGS) Ribosomal Gene ................................................................................... 215
Evaluation of a Mitochondrial Gene as a Marker of Variability between Rodent and Human Isolates of
10.3.
H. nana .................................................................................................................................................. 217
10.3.1.
Cytochrome c Oxidase Subunit 1 (C01)...................................................................................... 217
10.3.2.
Phylogeographical Structure of Rodent Isolates of H. nana........................................................ 218
10.3.3.
The Influence of Ecological and Environmental Factors ............................................................ 222
10.3.4.
Host-Parasite Relationship .......................................................................................................... 222
10.3.5.
What Constitutes a Species? ....................................................................................................... 225
Evaluation of the Nuclear Gene Paramyosin as a Marker of Genetic Variability .................................. 228
10.4.
10.5.
Difficulties of PCR From Eggs Extracted From Faecal Samples .......................................................... 229
10.6.
Alternative Genes as Genetic Markers of Variability Between Isolates of H. nana ............................. 231
10.6.1.
Alternative Mitochondrial Genes ................................................................................................ 232
10.6.2.
Alternative Nuclear Genes .......................................................................................................... 234
Future Directions and Conclusions ........................................................................................................ 238
10.7.
10.7.1.
Whole Genome Approaches ....................................................................................................... 238
10.7.1.1.
Representational Difference Analysis .............................................................................. 240
10.7.1.2.
Microarrays ...................................................................................................................... 241
10.7.1.3.
Proteomics........................................................................................................................ 243

11. REFERENCES.................................................................................................... 246

Characterisation of Community-Derived Hymenolepis Infections in Australia

ix

Acknowledgements
The moment has arrived………....I am finally sitting down with a weak cappuccino at my
favourite Café in Fremantle contemplating how I can adequately express the feelings that I have
in finally reaching this point – the thesis hand in. I am also wondering how I can adequately
express my heartfelt gratitude to a growing list of people who have helped make it all possible.
First and foremost, I would like to thank the two people who have nurtured and guided me
throughout my entire PhD – my supervisors Andrew Thompson and Una Morgan. They never
failed to provide me with welcome advice and positive thinking. Thankyou so much to both of
you.
It doesn’t seem possible to get through this process without large amounts of technical and
academic help. My most sincere appreciation is extended to Dr. Jerzy Behnke in the UK. Jerzy
was an invaluable source of many things – worm specimens from field trips in Portugal,
numerous taxonomy references and preserved histology specimens of Hymenolepis, the images
of which you will find in the following pages. Jerzy has also been a major springboard for
many of my crazy ideas and suggestions. I am eternally grateful for his patience in reading and
responding to my long-winded emails. I would like to sincerely thank Russ Hobbs for his
fantastic efforts in constructing gel photos and microscope images that are also presented in
this thesis. He has made a great contribution with his brilliant computer drawing skills.
Thanks also go to Russ for the long discussions we had on sticky taxonomy issues!
I would like to thank Paul Monis in South Australia who generously helped with the
phylogenetic analysis of my sequencing results. Thanks also to Clare Constantine and Alan
Lymbery who helped me to understand what it all means.
I tried hard not to leave a path of destruction behind me as I emerged into the last crucial weeks
before finishing but I am quite certain that those who helped me format the text and diagrams
hope I never do this to them again! Pat Marshall was asked to do the impossible – and
managed. She turned 50 separate files into one large document and managed to keep them
there, despite the computer, not because of it. I can’t thank her enough for her patience and
even-temper throughout. My two buddies Louise Pallant and Carolyn Read were an ongoing
source of support, food, jokes and hugs to prop me up on the final formatting and print run.
Thanks heaps guys!!
I would like to extend a warm appreciation to the best group anyone could wish to work with –
the Parasitology/Pharmacology group at Murdoch University. A special thanks to Aileen Elliot
for passing on any Hymenolepis specimens that came through the department. It’s been great to
be part of the team.
As I sit here sipping my cappuccino I realise I can now get into the shower at night and not have
to hop back out again to jot down that “perfect sentence” that has eluded me the entire evening.
What a joy to realise I no longer need to take pen and paper into the bathroom. Ditto for when
I sink under the doonah only to realise I’ve just composed an entire paragraph that works. I no
longer have to get out of bed to write it all down!
When things got really tough and Andy started suggesting I should go home, pour myself a glass
of red wine and try re-writing a couple of chapters. Meanwhile, I’m secretly realising that Andy
has no idea that this whole thesis has been written with a glass of red wine at hand. OK, so as
Louise suggested, I should go home, drink a strong cup of coffee, sober up and re-write that
damn chapter. I hope you can tell which ones have been written on strong coffee!
Lastly, I would like to convey to the entire world what an amazing family I have. I swear I
could not have got through this without them. Never again will we spend entire weekends
agonising over where commas and semi colons should go in sentences. To my mother Fay, my
father Ian, my sisters Barbara, Jenny and Anne and my two brothers Kim and Graham
This thesis is dedicated to them all.
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Chapter 1. General Introduction

1. GENERAL INTRODUCTION
1.1.

Classification and Nomenclature

The tapeworm Hymenolepis nana was first described as Taenia nana by Von Siebold in
1852 as a parasite found in humans.

In 1906 Stiles described a morphologically

identical parasite from a rodent host and named it Hymenolepis nana var fraterna (see
Baer and Tenora, 1970; Brumpt, 1949 in Ferretti, et al., 1981). Controversy over their
status as a single or dual species and host specificity has existed ever since (Baer and
Tenora, 1970; Schantz, 1996). It is not entirely clear whether the species Hymenolepis
nana and Hymenolepis fraterna (Joyeux, 1920, Skrabin and Matevosan, 1945 in Baer
and Tenora, 1970)) are two distinct species, each highly host specific; whether they are
two distinct species but capable of infecting both human and rodent hosts or whether
they are simply the same species found in either host (Brumpt, 1949, Yamaguti, 1959 in
Baer and Tenora, 1970; Ferretti, et al., 1981).

A lack of consensus regarding the taxonomic classification of these species exists in the
literature. Hymenolepis nana is classified under the family Hymenolepididae Ariola
1899, subclass Eucestoda Southwell 1930 (Gibson, 1998). This family comprises over
850 species, found mainly in birds and mammals (Schmidt, 1986; Czaplinski and
Vaucher, 1994). According to Czaplinski and Vaucher (1994) characters such as “the
presence or absence of rostellar hooks, the hook number and shape, the presence of a
pseudoscolex, the spination of the suckers, the external segmentation, the shape and
distribution of the microtriches, the number of testes, the shape of the ovary and, in
some cases, the development and shape of the uterus” are important generic
characteristics.

Morphological criteria used to define hymenolepidid species may

include the shape, size and number of hooks on the rostellum and the number and
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arrangement of the female and male reproductive organs (Vaucher, 1992; Czaplinski
and Vaucher, 1994; Gibson, 1998).

However these characters may sometimes be

problematic. For example, Baer and Tenora (1970) state that the hooks on the rostellum
spontaneously fall out (deciduous), therefore hook numbers are not considered a
taxonomically reliable character.

According to Czaplinski and Vaucher (1994) many taxonomists used morphological
features, which they considered to be useful only at the species level, to assign
specimens to new genera, failing to refer to the “type-species” for classification of
specimens.

This resulted in a very large, almost unworkable system for the

hymenolepidids (Schmidt, 1986) making it difficult for the identification of taxonomic
relationships between species and genera (Czaplinski and Vaucher, 1994).

Some

attempt to reduce the large, unwieldy genus Hymenolepis was made in 1954 by
Spasskii, who placed some species into a new genus based on two major features:
1)

the arrangement of their reproductive organs; and

2)

the presence of approximately 50 hooks on the rostellum (Vaucher, 1992).

Armed Hymenolepis species (hooks present) with their testes arranged in a straight line,
the ovary not separating the testes, were therefore placed into the genus Vampirolepis
Spasskii 1954. Other armed Hymenolepis species from mammals with their testes
arranged in an elongated triangle separated by the female gonads were placed into the
genus Rodentolepis (Vaucher, 1992).

According to this classification, Hymenolepis nana was re-classified as Rodentolepis
nana. However, Schmidt (1986) argued that the two new genera, proposed by Spasskii,
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were taxonomically synonymous and thereafter referred to Rodentolepis nana as
Vampirolepis nana.

Recently Vaucher (1992) rejected Schmidt’s proposal that

Rodentolepis was a synonym of Vampirolepis and argues that the separation of the male
reproductive organs with the female ovaries is a fundamental morphological feature
distinguishing the type species of Rodentolepis from Vampirolepis, the latter now being
reserved strictly for armed hymenolepidids (Hymenolepis sensu lato) of bats (Czaplinski
and Vaucher, 1994). If one follows the revised taxonomy, the genus Hymenolepis
Weinland 1858 now only contains species with an unarmed rostellum (hooks absent)
and the type species is the rat tapeworm Hymenolepis diminuta Rudolphi 1819
(Czaplinski and Vaucher, 1994). According to Spasskii (1994), the correct taxonomic
nomenclature for Hymenolepis nana is:
Rodentolepis nana (von Siebold 1852) Spasskii, 1954 syn.: Taenia nana von Siebold, 1852,
Hymenolepis nana fraterna Stiles, 1906.

Despite the revised nomenclature system being proposed by taxonomists such as
Spasskii (1994) and Czaplinski and Vaucher (1994) Rodentolepis nana is almost
universally referred to as Hymenolepis nana in the non-taxonomic literature (cf Arme
and Pappas, 1983; Pawlowski, 1984; Smyth and McManus, 1989; Smyth, 1994; WHO,
1995; Baily, 1996; Schantz, 1996; Lloyd, 1998; Andreassen, 1998). Furthermore, some
taxonomists have also failed to adopt the revised classification (Spratt, et al., 1990) due
to a belief that it will be reversed to its original form in time (D. Spratt and I. Beveridge,
pers comm). This failure to adopt the revised nomenclature by some taxonomists
contributes to the perpetuation of the original nomenclature system in the literature.
Although taxonomically correct, it is unlikely the revised classification will be adopted
amongst the wider medical audience due to the universal acceptance of the original
nomenclature.

Characterisation of Community-Derived Hymenolepis Infections in Australia

3

Chapter 1. General Introduction

It is apparent that the classification of cestodes is an ongoing process as the taxonomic
relationships between different species within the platyhelminth phylum continue to be
revised. Ubelaker (1983) proposed that the cestodes be classified under their own
phylum, the Cestoidea, because they have evolved into a highly specialised group quite
distinct from other platyhelminths. Under this proposal, the Eucestoda would become a
subphylum. These proposals do not appear to have been adopted by other taxonomists,
however, and the current classifications outlined recently are summarised in Table 1.1.
For the remainder of this thesis, Hymenolepis will be adopted as the preferred
nomenclature for the genus, rather than Rodentolepis.

Classification
Level
Phylum

Nomenclature
Platyhelminthes

Class/Cohort

Cestoidea Rudolphi 1808

Subclass/Subcohort

Eucestoda Southwell 1930

Order

Cyclophyllidea Braun 1900

Family

Hymenolepididae Ariola 1899

Genus

Hymenolepis Weinland 1858, Rodentolepis Spasskii 1954

Table 1.1 Classification of Hymenolepis and Rodentolepis (information from Brooks and

McLennan, 1993; Gibson, 1998; Ubelaker, 1983).
1.2.

Morphology and Physiology of the Adult Worm

Hymenolepis nana adult worms are characterised by the dorso-ventrally flattened shape
of the platyhelminths. Linnaeus first assigned the eucestodes into one genus, Taenia,
from the Greek word meaning “ribbon” or “tape” (Lumsden and Hildreth, 1983), a
morphological feature considered highly suitable for its growth and development in the
“tubular” shaped confined environment of the alimentary canal of its definitive host
(Smyth and McManus, 1989). The adult worm is comprised of a scolex, a neck region,
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and a strobila (body) which consists of numerous repeating proglottids (segments)
(Stunkard, 1983) (Figure 1.1). Like most tapeworms H. nana is hermaphroditic, each
proglottid containing both the male and female reproductive organs.

Sexual

reproduction results in the production of thousands of eggs within the female uterus
(Schantz, 1996). Mature, egg-laden (gravid) proglottids are located at the most distal
end of the strobila and these detach upon maturation. Studies by Kumazawa and Suzuki
(1983) and Kumazawa (1992) indicate that eggs may also be released into the intestine
whilst the proglottid is still attached, although this accounts for only a small percentage
of the eggs appearing in the faeces. On average, the adult worm grows to approximately
3 – 4 cm (Baily, 1996) although this has been shown to vary depending on the host type
(Henderson and Hanna, 1987). In H. nana, the anterior tip of the scolex (rostellum)
consists of four muscular “suckers” and a circle of hooks (Kumazawa and Yagyu, 1988)
(Figure 1.1).

The rostellum is retracted when the adult worm is moving freely

(Kumazawa and Yagyu, 1988) but extends into the host intestinal tissue upon
attachment, suggesting the hooks are used for attachment to the intestinal wall of the
host (Lumsden and Hildreth, 1983). Species such as the rat tapeworm, Hymenolepis
diminuta, lack hooks on their rostellum (Czaplinski and Vaucher, 1994), suggesting the
muscular suckers on the rostellum of H nana must also play an important role in the
attachment process. Although it is used for both attachment and locomotion of the
worm, some authors believe the term “holdfast” is a more appropriate term for the
scolex (Stunkard, 1983).

Both intermediate and adult stages of cestodes lack an alimentary canal (Smyth and
McManus, 1989; Andreassen, 1998). Thus Hymenolepis nana adult worms absorb
nutrients across the surface of their strobila, a metabolically active structure previously
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thought to be simply a protective “cuticle” layer but now referred to as a tegument
(Lumsden and Hildreth, 1983; Smyth and McManus, 1989). Because the adults lack a

Figure 1.1 Morphology of Hymenolepis nana. (a) Adult Worm; (b) Anterior tip of scolex (rostellum)
showing four muscular suckers and circle of hooks at low power magnification (x 100) (c) “Fratenoid”
shaped hooks at high power magnification (x 400). Adult worms were fixed in warm Acetic
acid/formaldehyde overnight; washed in 70% ethanol; stained in Meyer’s Carmalum overnight;
differentiated in 70% acid/1% ethanol followed by 70, 80, 90 and 95% ethanol; 2 changes in 100%
ethanol; 2 changes in clove oil to clear and mounted on glass slides using Canada Balsam (courtesy of Dr.
Jerzy Behnke, University of Nottingham, UK). Images captured to disk using Optimas for Windows
(Version 5.2) (Optimas Corporation, Washington, USA).

digestive or circulatory system (Stunkard, 1983), active secretion and waste elimination
also occurs via the tegument (Schantz, 1996). Like all Eucestoda, Hymenolepis nana
adult worms lack a skeletal system (Stunkard, 1983). They have a well developed
musculature system enabling the attached worm to withstand the peristaltic action of the
host intestine (Smyth and McManus, 1989). Both the oncosphere (embryonic) and adult
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stages of H. nana have primitive nervous systems (reviewed in detail by Fairweather
and Threadgold, 1981a; Fairweather and Threadgold, 1983).

1.3.

Life Cycle

Hymenolepis nana is the only cestode capable of completing its cycle without an
intermediate host (Smyth and McManus, 1989). Generally, cestodes require at least
one, and sometimes two, intermediate hosts (Gibson, 1998). Although H. nana is
capable of completing its life cycle without an intermediate host (direct life cycle) it
may also passage through an intermediate host (indirect life cycle) if one is present
(Figure 1.2).

1.3.1.

Direct

The development of H. nana from egg to cysticercoid and then to the adult worm can
occur in its entirety within the definitive host in a direct cycle that obviates the need for
an intermediate host. When eggs are ingested by the definitive host, they hatch and
release a six hook larva called an oncosphere (hexacanth) which penetrates the intestinal
villi of the small intestine and further develop into the cysticercoid stage (Schantz,
1996). Within approximately 93 – 96 hours, the cysticercoid emerges from the mucosa
into the lumen of the small intestine (Smyth, 1994) and excysts. Experiments conducted
by Ito (1977) have shown that cysticercoids less than 96 hours old are not infective
when inoculated into laboratory mice, suggesting the time lag of 96 hours between
ingestion of an egg an its excystation in the intestine is highly regulated.

After

excystation the cysticercoid attaches itself to the wall of the intestine by its scolex and
develops into a mature, sexually reproducing adult worm. The ‘trigger’ signals for egg
development and subsequent activation and release of the oncosphere from the egg
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“capsule” is thought to be the result of chemical stimuli and changes in pH (Fairweather
and Threadgold, 1981b).

`
Figure 1.2 Direct and Indirect Life Cycle of Hymenolepis nana. (Adapted from Andreassen, 1998).

The prepatent period from egg ingestion to fully mature adult worm in the definitive
host is somewhat variable in the literature and has been suggested to be approximately
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14 – 17 days (Seidel and Voge, 1975) or 11 – 16 days (Kennedy, 1983). Some have
suggested up to 25 days in some hosts (Smyth, 1994).

The direct lifecycle can result in the establishment of heavy infections in a mammalian
host. This is due to the hermaphroditic nature of H. nana and the lack of a requirement
for an intermediate host (Kennedy, 1983). Thus, a single worm can potentially lead to
the establishment of a large colony of adult worms within one host, as a result of selffertilisation (auto-infection) (Kennedy, 1983; Schantz, 1996).

Furthermore, self-

infection (via faecal-oral contamination), especially in young children who may have
poor hygiene skills (Pawlowski, 1984), also contributes to the growth and maturation of
more adult worms via the direct life cycle.

1.3.2.

Indirect

The most common intermediate hosts capable of transmitting the larval stages of
H. nana are arthropods such as the flour beetles Tribolium confusum and Tenebrio
molitor. Flea species such as Xenopsylla cheopis, Pulex irritans and Ctenocephalides
spp. have also been implicated in the transmission of this parasite (Lloyd, 1998). When
eggs are ingested by an intermediate host they hatch and release an oncosphere
(hexacanth), which penetrates the gut wall and develops in the body cavity into a
procercoid (early stage). Research by Anderson and Lethbridge (1975) indicates that
H. diminuta hexacanths penetrate the beetle gut wall within approximately 90 minutes, a
time lag which may be similar for H. nana.

Some further development of the

procercoid into a resting cyst form (cysticercoid) completes the first stage of egg
development in the intermediate host (Gibson, 1998). Reports in the literature suggest
cysticercoids develop to an infective stage in beetles within approximately 5.5 days
(Freeman, 1983), although others have suggested a longer time period of 14 days is
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usual (Nakamura and Okamoto, 1993). Cysticercoids are not transmissible between
beetles (Yan and Norman, 1995) and are only infective to mammalian hosts. When the
infected intermediate host is ingested by a definitive host the resting cysticercoid
excysts in the host’s anterior small intestine and migrates to the lower ileum (Henderson
and Hanna, 1987), where it attaches to the wall of the intestine and matures into an adult
worm. The cycle is completed with the sexual maturation of the adult worm and
shedding of eggs from gravid proglottids. The pre-patent period of the indirect life
cycle is less than the direct life cycle by approximately 4 days.

The structure of the egg has been researched in detail by Fairweather and Threadgold
(1981b). They proposed the hypothesis that the structure of the H. nana egg may be a
useful adaptation that relates to its direct life cycle. For example, in comparison with
the rat tapeworm Hymenolepis diminuta, H. nana eggs have a thin, discontinuous
embryophore layer and a thin outer shell/capsule layer (Figure 1.3), two features which
may facilitate their hatching within the mammalian intestine. Furthermore, H. nana
eggs possess a polar filament layer between the oncosphere and oncospheral membrane
(Figures 1.3 and 1.4), a structure believed to entangle the oncosphere within the
intestinal villi, increasing its close contact with the mucosa, promoting its activation and
delaying its expulsion from the host (Fairweather and Threadgold, 1981b).

1.4.

Transmission

Transmission of Hymenolepis nana occurs by the faecal-oral route, accounting for
higher prevalence in young children and adolescents with poorly developed hygiene
skills (Khalil, et al., 1991b). Estimates of the viability of H. nana eggs in the external
environment range from 17 hours (Yan and Norman, 1995) to 10 days (Pawlowski,
1984), suggesting the transmission of H. nana via environmental contamination may be
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lower than by the transfer of eggs on contaminated hands and/or food shared between
children (Pawlowski, 1984). Accidental ingestion of an intermediate host infected with
the resting cysticercoid stage is an alternative route of transmission (Gibson, 1998),

Figure 1.3 Ultrastructural Features of Eggs of (a) Hymenolepis diminuta (b) Hymenolepis nana Note
the discontinuous embryophore layer, thin outer shell/capsule layer and additional polar filament layer
that is present in Hymenolepis nana but absent in H. diminuta. (Adapted from Fairweather and
Threadgold, 1981b).

Figure 1.4 High Power (x 400) Nomarski Differential Interference Microscopy of Unstained Eggs of
(a) Human Isolate of Hymenolepis nana and (b) Rodent Isolate of H. nana Showing the Polar
Filaments in Both. (Olympus BX 50 microscope (Olympus Optical Company Ltd., Japan). Images
captured to disk using Optimas for Windows (Version 5.2) (Optimas Corporation, Washington, USA).

although this is considered a rare occurrence by some (Andreassen, 1998). For this to
occur, Tribolium beetles infected with Hymenolepis cysticercoids would have to be
ingested by the definitive host (Freeman, 1983). Tribolium beetles may be present in
flour stored over long periods of time at room temperature, representing a source of
contamination of Hymenolepis spp. The practice of swallowing live beetles is a Chinese
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folk medicine remedy practised in areas of Malaysia and has been reported as a potential
source of transmission for Hymenolepis infections (Sullivan, et al., 1977). This is
unlikely, however, to represent a major source of infection unless this practice is
widespread in areas endemic for the infection.
The successful transmission of H. nana between hosts is reliant on a number of factors
that effectively aid its dispersal in “space and time”. The continuous shedding of eggs
(iteroparity) from the adult worms of H. nana is a factor that almost certainly aids its
dispersal over time (Kennedy, 1983). Furthermore, the development of resting stages
(cysticercoids) in insect species enables H. nana to persist in the environment even
when conditions become unfavourable for the egg stage (Kennedy, 1983). Importantly,
if a definitive host is temporarily unavailable, the dispersal of H. nana can be effectively
delayed without adverse effects. Other factors which may aid in the dispersal of H.
nana include the well documented behavioural changes that some hosts exhibit when
infected with parasite stages (Thompson and Kavaliers, 1994; Loker, 1994; Sukhdeo
and Sukhdeo, 1994).

For example, Pappas et al. (1995) reports an increase in

coprophagic activity of the grain beetle Tenebrio molitor when fed faeces infected with
eggs of the rat tapeworm H. diminuta. It has also been shown that beetles infected with
cysticercoids of H. diminuta have impaired chemical defence mechanisms and are more
likely to be ingested by a definitive host than uninfected beetles (Blankespoor, et al.,
1997). Due to its capability of development via both an indirect and direct life cycle
H. nana has the added advantage over other hymenolepidids in that it can adopt more
than one strategy for transmission, a situation unique, within the cestodes, to this
parasite (Smyth and McManus, 1989). Thus, H. nana increases its chances of dispersal
over time by using alternative life cycles. This would greatly aid in the persistence of
infection in a community even if susceptible hosts of only one type were present.
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1.5.

Cross-Transmission Studies Between Human and Rodent Isolates

Some controversy over the cross-transmission of H. nana between rodent and human
hosts exists in the literature. Berntzen and Voge (1962) identified two types of eggs in
mature adult worms originally cultivated in vivo in mice. The two types, Type A and
Type B, were distinguishable by several morphological features as well as an inability
to ‘hatch’ in the same artificial ‘hatching’ solutions in vitro. Although both types were
present in the mature proglottids of a single worm, these researchers speculated that
only Type A eggs may be capable of hatching in the intestine of a mammalian host.
Later, Kumazawa (1992) identified morphological differences between eggs present in a
single adult worm, similar to the findings of Berntzen and Voge (1962); however they
believed that these features corresponded to the stage of development of the egg rather
than a distinct egg ‘type’ associated with host specificity and transmission.

Baer and Tenora (1970) reported that experimental infection of rodents with eggs of H.
nana from humans is very difficult and believes there is a distinct biological separation
between species infecting humans and rodents. Al-Baldawi et al. (1989) reports a
failure to infect Swiss albino mice from an infected human in Iraq, despite using
variable conditions of egg preparation and immunosuppressed mice.

In addition,

Ferretti et al. (1981) reported that an isolate collected from a 35 year old Sardinian
woman was highly resistant to infection in laboratory mice. Although they eventually
infected laboratory mice with the human isolate, they encountered substantial
difficulties in establishing the infection.
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1.6.

Diagnosis

Faecal flotation techniques such as zinc sulphate, sodium chloride (Voge, 1970) or ethyl
acetate extraction (Lloyd, 1998) can be used to detect H. nana eggs in faeces using light
microscopy. The eggs are easily visible under low power (10x objective) as they range
in size from approximately 35 – 60µm (Baer and Tenora, 1970). More than one faecal
sample may be required for diagnosis if the infection is light and egg shedding is
intermittent (Schantz, 1996). Enzyme linked immunosorbent assays (ELISA) have been
developed for the detection of H. nana infections (Castillo, et al., 1991; Gomez-Priego,
et al., 1991), although reports of low specificity and sensitivity are disadvantages for the
diagnosis of current H. nana infections (Baily, 1996; Lloyd, 1998). Although infection
of humans with the rat tapeworm H. diminuta is rare (Schantz, 1996; Andreassen, 1998;
Tena, et al., 1998), the presence of the characteristic polar filaments in H. nana eggs
enables the morphological distinction from H. diminuta.

1.7.

Prevalence

Globally, H. nana is the most common cestode infection in humans (Pawlowski, 1984;
Smyth, 1994) (and see Table 1.2). Estimates of the number of human infections range
from 20 million (Andreassen, 1998) to between 45 and 75 million (Pawlowski, 1984;
Crompton, 1999) worldwide. The prevalence of H. nana is very common in countries
with warmer, arid climates (Baily, 1996) and is endemic in many tropical and subtropical countries (Pawlowski, 1984). For instance, a survey of primary school age
children in Zimbabwe documented an infection rate of 21% to 24% (Mason and
Patterson, 1994). The prevalence of H. nana in 14 villages in the Trarza region of
Mauritania, Africa, ranged from 10.8% to 58.6% (WHO, 1995). In refugees in Juba,
Sudan, the prevalence was 11% including infections in young children aged 4 –14 years
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and also in adults of 20 years and above (Marnell, et al., 1992). A survey conducted of
Egyptian children indicated a prevalence of 16%, with the highest rates of infection
found in children 6-8 years of age (Khalil, et al., 1991b). H. nana is also common in
rural and urban regions in Africa, Asia, South America and many areas of eastern and
southern Europe (Lloyd, 1998). Rates of infection with H. nana in children and young
adolescents in communities in the north-west of Western Australia are high.

The

prevalence of H. nana has risen from between 16% and 20.5% (Meloni, et al., 1988;
Meloni, et al., 1993) to approximately 55% (Reynoldson, et al., 1997). The prevalence

Geographical
Location
Jodhpur, Rajasthan
Cairo, Egypt
Ain Sham district, Cairo
Nasr City, Cairo
Egypt
El Fayum Governorate, Egypt
Egypt
Egypt
Egypt
Nigeria (rural area)
Plateau State, Nigeria
Zimbabwe, Africa
Mauritania, Africa (14 villages)
Juba, Sudan, Africa
Buenos Aires, Argentina
Santiago, Chile
Paraguay
Rondonia State, Brazil
Alpercata, Minas Gerais, Brazil
United States of America
Zulia State, Venezuala
Camiri, Gutierres and Boyuibe, Bolivia
Peru
Huanta, Peru
Turkey
Turkey
Izmir, Turkey
Southern Israel
Al-Medina, Saudi Arabia
Al-Medina, Saudi Arabia
Eastern Province, Saudi Arabia
Medan, Indonesia
North-west Western Australia
North-west Western Australia

Prevalence
(%)
2.06
2.0
6.87
3.5
20.0
20.6
49.6
2.7
16.0
0.3
1.58
21.0
10.8-58.6
11.0
0.74
2.1
2.3
10.8
2.7
0.4
5.8
8.7
7.5
22.6
1.0
1.56
7.0
0.1
0.4
5.8
0.2
1.72
54.6
60.2

Reference
(Mathur, 1992)
(Makhlouf, et al., 1994)
(El Serougi, et al., 1990)
(El Safy, et al., 1991)
(Sabry, 1991)
(Hussein and Nasr, 1991)
(Khalil, et al., 1991a)
(Khalil, et al., 1991b)
(Okafor and Azubike, 1992)
(Onwuliri, et al., 1992)
(Mason and Patterson, 1994)
(WHO, 1995)
(Marnell, et al., 1992)
(Zdero, et al., 1993)
(Mercado, et al., 1989)
(Fujita, et al., 1993)
(Ferrari, et al., 1992)
(Genaro, 1991)
(Kappus, et al., 1991)
(Chacin Bonilla, et al., 1990)
(Cancrini, et al., 1988)
(Wiedermann, et al., 1991)
(del Aguila, et al., 1992)
(Ozcel, et al., 1991)
(Ay, et al., 1991)
(Simsekcan, et al., 1991)
(El On, et al., 1994)
(Al Ballaa, et al., 1993)
(Ali, et al., 1992)
(Qadri, et al., 1992)
(Yusuf, et al., 1991)
(Reynoldson, et al., 1997)
(Unpublished data)

Table 1.2 Global Prevalence of Hymenolepis nana Infection in Humans.
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of H. nana infections in countries with temperate climates is much lower and reports of
outbreaks are usually limited to institutions such as orphanages (Pawlowski, 1984;
Lloyd, 1998). The global prevalence of H. nana infections in humans is summarised in
Table 1.2.

1.8.

Symptoms

Clinical symptoms of Hymenolepis nana infections are generally believed to be
dependent on the severity and longevity of the infection (Pawlowski, 1984). Most
researchers suggest that light infections are usually asymptomatic (Pawlowski, 1984;
Andreassen, 1998; Lloyd, 1998). Andreassen (1998) suggests infections of less than
1000 worms would be tolerated by the host without any clinical symptoms. Infections
greater than 1000 worms may cause a variety of symptoms such as irritability,
abdominal pain, loss of appetite, diarrhoea and even dizziness (Khalil, et al., 1991b;
Smyth, 1994; Baily, 1996; Andreassen, 1998). An alternative index to measure ‘heavy’
infections is used by Pawlowski (1984) who suggests infections with greater than
15 000 eggs per gram of faeces (EPG) are reported as almost always symptomatic,
ranging from loss of appetite, headache, diarrhoea and abdominal pain. Nausea and
vomiting may be experienced in some instances (Lloyd, 1998), believed to result from
intestinal spasms occurring when the adult worms migrate through the intestine
(Andreassen, 1998).

The severity of infection with H. nana therefore appears to be a major factor influencing
the onset of a variety of symptoms. However, the longevity of infection with H. nana is
also considered to contribute to weight loss and weakness, especially infections lasting
more than five years (Pawlowski, 1984). Given the role that auto- and self-infection
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plays in the perpetuation of H. nana infections, it is expected that infections may exist,
without respite, for many years in human hosts. In parasitological surveys conducted in
communities in the north-west of Western Australia, including this study, some children
were almost continuously infected with H. nana over a period of time (Meloni, et al.,
1988; Meloni, et al., 1993; Reynoldson, et al., 1997), interspersed with short parasite
free periods after treatment with appropriate anthelmintics.

Despite treatment,

recrudescence of H. nana infection is common in these children, presumably due to the
ability of H. nana to be transmitted directly between definitive hosts, especially in
young children with undeveloped hygiene skills.
1.9.

Clinical Features and Pathogenesis

Much of our understanding of the pathogenesis of infection with H. nana comes from
numerous studies on infections in mice (Ito, 1984b; Ito, et al., 1988a; Asano, et al.,
1992; Watanabe, et al., 1994; Niwa and Miyazato, 1996b; Niwa and Miyazato, 1996a;
Conchedda, et al., 1997). A common clinical feature in humans infected with H. nana
is a raised eosinophil count (Baily, 1996; Lloyd, 1998), a feature also reported in
infections in laboratory mice (Niwa and Miyazato, 1996a). The role of eosinophils in
the pathogenesis of H. nana infections was studied by Niwa and Miyazato (1996b), who
found that a localised intestinal eosinophilia led to an increase in the release of oxygen
radicals including superoxides, hydrogen peroxide, nitric oxide and oxidant halide.
Niwa and Miyazato (1996b) found a correlation existed between an increased
production of these oxygen radicals and the degeneration of the intestinal mucosa,
villous oedema and atrophy in mice infected with H. nana.

Research by Khalil et al. (1991b) indicates that there is an association between heavy
infections of H. nana and a reduction in body weight and height of children aged 2 to 12
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years. Anthropomorphic measurements of muscle mass, head circumference and body
fat were reported as being reduced in children infected with H. nana, in comparison
with control groups matched for age and gender. Other research reviewed by Khalil et
al. (1991b) indicates growth retardation is significant when children are infected with
more than one species of intestinal, or other, parasite. In communities surveyed in the
north-west of Western Australia it is not uncommon for children to be concurrently
infected with more than one, and sometimes up to five, enteric parasite species (Meloni,
et al., 1993; Reynoldson, et al., 1997).

It is probable that heavy infections with H. nana will result in a degree of mechanical
damage to the intestinal mucosa, especially at the point of attachment (Pawlowski,
1984). Similarly, the invasion of cysticercoids into the intestinal villi is likely to cause
some physical disturbance to the intestinal mucosa. In humans, intestinal malabsorption
(Lloyd, 1998) and increased protein losses from the small intestine (Pawlowski, 1984)
represent more serious disturbances of the homeostasis of intestinal function, especially
in the malnourished. However, there is very limited literature documenting pathological
changes of H. nana infections in humans. It is generally believed that many of the
pathological these changes in the intestinal tissue are related to the indirect effects of
toxic chemicals released by eosinophils and macrophages (Asano, et al., 1992). It has
also been suggested that waste products excreted by the adult worms may contribute to
enteritis in humans infected with H. nana (Gibson, 1998).

1.10.

Effects of Immunosuppression

In immuno-competent individuals, primary infection with H. nana can stimulate a
strong immune response, which can lead to resistance to re-infection by the host (Ito,
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1978; Andreassen, 1981; Ito, 1982). However, in cases of immunosuppression it is
expected that the pathogenesis of tapeworm infections are more severe (Andreassen,
1998).

Any disease state that produces an immune deficiency, either transient or

prolonged, may have a detrimental effect on the hosts’ ability to combat an infection
with H. nana (Pawlowski, 1984). Diabetes mellitus (Makled, et al., 1994), cancer
(Lucas, et al., 1979) malnutrition (Andreassen, 1998) or alcoholism are likely to be
immunosuppressive in humans. Furthermore, treatment with immunosuppressive drugs,
such as cortisone acetate, for medical conditions unrelated to any parasitic infections,
may be responsible for prolonged and severe infection with H. nana.

The anti-

inflammatory properties of cortisone reduce the inflammatory response against the
worms and thus, the destrobilation and expulsion of adult worms is delayed, allowing
the continuation of worm maturation (Kennedy, 1983).

There have been a number of studies that have examined the effects of
immunosuppressive treatment on the pathogenesis of H. nana infections in mice. Lucas
et al. (1980) and Ito (1985) conducted experiments in which laboratory mice were
immunosuppressed either by cortisone or by thymectomy prior to inoculation with
H. nana eggs. In each case a ‘super-infection’ consisting of thousands of worms was
reported. Of greater significance was a widespread dissemination of cysticercoids from
the gut to organs such as the liver, lung and mesenteric lymph nodes with accompanying
pathological changes such as liver abscesses, lung congestion and intestinal
haemorrhage.

Matsuo

and

Okamoto

(1995)

studied

the

effects

of

an

immunosuppressive macrolide, FK-506, on the immunity to H. nana infection in
BALB/c mice. When immunosuppressed with varying dose rates of this compound all
mice failed to resist infection with H. nana, adding credence to the suggestion that
immunosuppressive treatments may have adverse effects on the ability of humans to
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resist infection with H. nana. Although reports of dissemination of H. nana in humans
is not commonly found in the literature, Lucas et al. (1980) reviewed a case in which a
patient with Hodgkins disease, who was treated with immunosuppressive drugs and
radiotherapy, was found to have widespread dissemination of cysticercoids upon
autopsy. It is expected that diagnosis of cysticercoid dissemination would be difficult
unless biopsies of affected organs were conducted.

Multiple parasitic infections may be responsible for depressed immunity in children,
especially very young children, whose immune systems are not yet fully developed.
Protozoan infections, such as Giardia, are considered to be immunosuppressive to
humans in some instances (Andreassen, 1998). Many children surveyed in Western
Australian communities are commonly infected with Giardia duodenalis (Meloni, et al.,
1988; Reynoldson, et al., 1997).

In one community the incidence of hookworm

infection was high (Hopkins, et al., 1997a). The resulting anaemia was believed to be a
contributing factor to general poor health in most residents in this community,
especially the young children, prior to medical treatment (Reynoldson, et al., 1997).
Hookworm induced anaemia, combined with multiple enteric parasitic infections and
undernourishment, are likely to be major factors contributing to the severity and
prolongation of infection of H. nana in both children and adults.

1.11.

Prevention and Control

Much of our understanding of the effectiveness of various anthelmintics against H. nana
comes from research of infections in rodents. Few reports document the outcomes of
treatments used for human infections. A summary of the dosage and efficacy of various
chemotherapeutic compounds is presented in Table 1.3.
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Drug
Niclosamide

Tested In
Hamsters

Effect (worm reduction)
100%

Niclosamide
Praziquantel

Dose
0.33% active ingredient ad
libitum in feed 7 days
400 mg/kg
25 mg/kg

Mice
Humans

Praziquantel

1, 10, 100 µg/ml

In vitro

Praziquantel

50 mg/kg (1 dose)
25 mg/kg (1 dose)
25 mg/kg (3 doses)
5 mg/kg (3 doses)
5, 10 and 15% in slow release
implant
35, 70, 140, 210, 280 ppm ad
libitum in feed 7 days
25, 15, 10 mg/kg
400 mg / day for 3 days
400 mg / day for 3 days
200 mg single dose
10% drug concentration for 10
days
200 mg twice daily for 3 days

Mice

Humans

3/4 mice cured after 48 hrs
91.1% (2 wks post tx)
97.7% (4 wks post tx)
Extensive vacuolisation of tegument
and scolex
100% (adult worms)
100% (adult worms)
100% (cysticercoids)
30% (cycticercoids)
100% (adult worms)
cysticercoids not killed
48.9, 73.2, 87.1, 100, 100%
respectively
98.5, 93.8, 76% respectively
71.4%
63.4%
66%
Cysticercoids underdeveloped but
normal by 9 days
50% (2 weeks)
59% (4 weeks)
100% (adult worms)
cysticercoids not killed
100% (adult worms)
100% (adult worms)
100% (adult worms)
38% (adult worms)
39% (adult worms)
16% (cysticercoids)
44.4%

Praziquantel
Praziquantel
Praziquantel
Albendazole
Albendazole
Albendazole
Albendazole
Mebendazole
Mebendazole

Mice
Mice
Humans
Humans
Humans
Humans
Beetles
Humans

Mebendazole

166.7 mg/g feed ad libitum 12
days
100 mg/kg/day for 12 days
100 mg/kg/day for 5 days
50 mg/kg/day for 5 days
20 mg/kg/day for 5 days
10 mg/kg/day for 5 days
100 mg/kg/day for 3 days
200 mg/day for 3 days

Mebendazole

300 mg/day for 2 days

Humans

54.5%

Thiabendazole

Mice

Thiabendazole

0.3% (=10.5 mg per day)
ad libitum 7 and 14 days
100 mg/kg/day for 6 days

82% (7 days)
100% (14 days)
16.9%

Flubendazole

100 mg/kg/day for 6 days

Flubendazole

100 mg/kg/day for 12 days
100 mg/kg/day for 5 days
100 mg/kg/day for 5 days

Mice
Mice
Mice

Mebendazole

Bithionol
Paromomycin
sulphate
Compound 77-6
(niclosamide
analogue)
Benzimidazole2 carbamates
Imidazo [1,2-a]
pyridine-2
carbamates
Nitazoxanide
Ma-Klua extract
(from plant
Diospyros
mollis)

Mice
Mice

Mice

Mice

2.4% (8 wk old)
22.5% (19 wk old)
7%
36%
32%

100 mg/kg/day for 5 days

Mice

29%

100, 250 and 500 mg/kg in vivo
test on adult worms
1000 µg/ml in vitro test on
cysticercoids
1part drug/9 parts flour ad
libitum feeding days 1-10 or 118

Mice

100% (pooled observations) adult
worms

30 mg/kg
50 mg/kg
10, 25, 50, 100, 250, 500 mg/kg
on days 1,2,3,4,5 and 12 post
infection (pi)

Beetles

Humans
Mice

100% against cysticercoids
No compounds (n=10) totally
effective against cysticercoids

Cure rate 1/8 patients
Cure rate 9/10 patients
0, 0.6, 51.6, 80.1, 85.9,100%
respectively
Not effective against cysticercoids

Reference
(Ronald and Wagner,
1975)
(Gupta and Katiyar, 1983)
(Khalil, et al., 1991b)
(Becker, et al., 1980)
(Gupta and Katiyar, 1983)

(Marshall, 1982)
(Arther, et al., 1981)
(Schenone, 1980)
(Prasad, et al., 1985)
(Jagota, 1986)
(Pamba, et al., 1989)
(Evans, et al., 1980)
(Khalil, et al., 1991b)
(Novak and Evans, 1981)
(Maki and Yanagisawa,
1985)

In (Novak and Evans,
1981)
In (Novak and Evans,
1981)
(Taffs, 1975)
(Maki and Yanagisawa,
1983)
(Maki and Yanagisawa,
1983)
(Maki and Yanagisawa,
1985)
(Maki and Yanagisawa,
1985)
(Maki and Yanagisawa,
1985)
(Gupta and Katiyar, 1983)

(Novak and Blackburn,
1985)

(Rossignol and
Maisonneuve, 1984)
(Maki, et al., 1983)

Table 1.3 Chemotherapeutic Compounds Tested on Hymenolepis nana
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Some difficulty exists in directly comparing the efficacy, safety and tolerability of
compounds used in these different studies (Table 1.3) due to the wide variability in
treatment protocols reported, including drug dose and duration of treatment. Despite
this, the limitations associated with the use of a number of anthelmintic drugs are
highlighted here.

Some researchers have reported an effectiveness of praziquantel in vitro (Becker, et al.,
1980) that may not necessarily be seen in vivo. For example, although Marshall (1982)
reports a 100% reduction in adult worms using praziquantel in mice, there was a low
efficacy of praziquantel against cysticercoid stages of H. nana in the same study.
Research by Gupta et al. (1981) indicated that infection of H. nana in rodent hosts
required more drug to clear the parasite if infection occurred from ingestion of the
cysticercoid stage than by ingestion of the egg stage using praziquantel and Compound
77-6 (an analogue of the chemotherapeutic compound niclosamide). Although it is
unclear how common this ‘indirect’ form of transmission is in humans, at least in
Australia, the implications of the findings of different drug requirements for different
routes of infection (ingestion of an infected beetle rather than an egg) may be applicable
to the control of infection in humans. More importantly, praziquantel does not appear to
be 100% effective when used in humans (Schenone, 1980; Khalil, et al., 1991b), a result
that may reflect the ineffectiveness of the drug against tissue (mucosal) or immature
stages of the parasite or a requirement for higher doses than tested to date. A number of
studies have examined the effects of albendazole on hymenolepidids such as
Hymenolepis diminuta and H. microstoma in rats and mice (cf McCracken and
Lipkowitz, 1990; McCracken, et al., 1992; Schmidt, 1998). Albendazole has also been
used for the treatment of H. nana in humans but with limited success (Table 1.3). More
recently, clinical trials were conducted in one community in the north-west of Western
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Australia in which albendazole was found to be ineffective against H. nana when only a
single dose of 400 mg was administered to infected individuals (Reynoldson, et al.,
1997). When multiple doses (5 daily doses of 400 mg) were used, in a separate trial, the
prevalence of H. nana was reduced from 29.2% to 11.6% in one cohort (Reynoldson, et
al., 1998).

However, recrudescence of infection occurred in these individuals

suggesting this drug was not effective in long term control of H. nana in these
communities.

A lack of efficacy has been reported, in mouse models, of mebendazole against the
villous (cysticercoid) stages of H. nana, despite high efficacy against the lumen
(immature and mature adult worm) stages (Novak and Evans, 1981; Maki and
Yanagisawa, 1985).

Thus, despite eradication of adult forms of the parasite, the

cysticercoids present in the villi are refractive to these drugs and continue to develop
into sexually mature worms in the treated host. Given the ability of H. nana to continue
its lifecycle in one host (auto-infection), the ‘selective-efficacy’ of some drugs against
the immature and mature stages of H. nana has important implications for the complete
eradication of the parasite in humans. To this end, Novak and Evans (1981) suggests
that the ‘staggered’ use of drugs, which are potent against lumen (worm) stages of
H. nana, may be more effective. This, however, requires a high level of compliance for
re-treatment using repeat doses over several weeks, a situation that may be impractical
at the community level. When compliance is low, this ‘sub-level’ dosage in vivo may
contribute to the more serious problem of anthelmintic resistance. Furthermore, it is
well documented that the prolonged use of anthelmintics can lead to the development of
drug resistance, which only serves to perpetuate the original problem (McGaughey and
Whalon, 1992; Waller, 1992; Courtney and Roberson, 1995).
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The eradication of H. nana in endemic communities may potentially be achieved by a
combination of short and long term strategies. In the short term, control may be
achieved with the use of effective chemotherapeutic agents. However, the use of drugs
alone, even if highly efficacious, does not alleviate the problems of continual
transmission via environmental contamination, nor is it an effective strategy against a
parasite transmitted by the faecal-oral route in groups with poorly developed personal
hygiene skills, such as very young children. A poor understanding of the dynamics of
transmission of a parasite may undermine both short and long term control strategies
which can only be effective when accurate epidemiological information is obtained
(Holland, et al., 1996).

This is illustrated by our lack of understanding of the

epidemiology of H. nana infections in humans within Australia. The species present in
Australian communities has never been identified with certainty.

It is not well

understood which form of transmission commonly occurs in Australian communities,
whether the ‘strain/species’ present in the north-west of Western Australia is infective to
human and rodents host or whether humans harbour their own ‘strain/sub-species’ of
Hymenolepis.

Since isolates of H. nana infecting humans and rodents are morphologically identical,
the only way they can be reliably distinguished is by comparing the parasite in each host
using molecular criteria.

1.12.

Molecular Approaches to Genetic Characterisation of Hymenolepis nana

A large range of molecular approaches are now available to distinguish populations of
parasites that are morphologically identical but genetically different, including protein,
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DNA and polymerase chain reaction (PCR) based approaches (Barker, 1989; Hide and
Tait, 1991; McManus and Bowles, 1996).

1.12.1.

Limitations Associated with Molecular Approaches

Despite the availability and widespread use of these techniques by numerous
researchers, a number of limitations exist for their use in genetic characterisation
studies. This is illustrated clearly when studies on parasites such as H. nana are
undertaken. H. nana adult worms shed proglottid segments into the alimentary canal
and the eggs are discharged in situ (Kumazawa, 1992). The parasite material available
from human hosts for use in molecular studies is, therefore, limited to H. nana eggs
passed out with the faeces.

Inherent to the successful application of some conventional molecular techniques is the
requirement for generous quantities of starting material, combined with the need for it to
be free of contamination. Usually, neither of these requirements are met with the use of
crude samples such as environmental or faecal samples but may be obtainable by in
vitro cultivation, and amplification of the parasite. In vitro hatching and cultivation of
eggs of H. nana have been reported by various researchers (Berntzen and Voge, 1962;
Sinha and Hopkins, 1967; Seidel and Voge, 1975), however the techniques are very
labour intensive and difficult to reproduce. For instance, Sinha and Hopkins (1967)
report an inability to reproduce the methods outlined by Berntzen and Voge (1962).
Moreover, the use of culturing techniques may artificially ‘select’ for genotypes suited
to in vitro growth over genotypes that may not develop under the same conditions
(Andrews, et al., 1992).
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The limited amount of parasite material from human faecal samples, therefore,
precludes the use of methods such as protein sequencing, protein electrophoresis,
isoenzyme analysis, allozyme analysis, pulsed-field gradient gel electrophoresis (PFGE)
and cytogenetics for genetic characterisation of Hymenolepis spp. Although Andrews
et al. (1989a) reports the use of allozyme electrophoresis to genetically characterise
three strains of the rat tapeworm H. diminuta, the authors used adult worms, rather than
eggs, for their work. Although cytogenetic studies may be used for phylogenetic studies
of parasites, they are usually limited to the elucidation of chromosome numbers and
their morphology (McManus and Bowles, 1996).

Cytological studies of three

hymenolepidid species by Mutafova and Gergova (1994) revealed that H. nana,
H. diminuta and H. erinacei (referred to as Vampirolepis) have six pairs of
chromosomes each. Given that the former two species have very similar chromosome
morphology these characters appear to be of minimal use for DNA based studies of
closely related hymenolepidids.

1.12.2.

PCR-Based Approaches

The development of the polymerase chain reaction (PCR) (Saiki, et al., 1985; Mullis
and Faloona, 1987) has provided a highly useful technique for molecular biologists
worldwide. One significant advantage of this technique is the requirement for very
small amounts of DNA, making it ideal for molecular studies on DNA extracted from
H. nana eggs. Of similar advantage is the ability to amplify DNA that is of relatively
‘poor quality’. For example, researchers have used PCR to amplify DNA extracted
from a body dated to 300 BC (Fricker, et al., 1997). Some problems have been
encountered when PCR has been applied to crude samples, such as faeces and sludge,
due to inhibiting substances including iron, humic acids, bile compounds and complex
polysaccharides (Wilde, et al., 1990; Tsai, et al., 1993; Fricker, et al., 1997; Monteiro,
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et al., 1997). A perceived disadvantage of PCR has been the requirement for some
sequence information in order to synthesise oligonucleotide primers to amplify the PCR
product. This disadvantage is rapidly diminishing as sequences of related organisms
become

available

via

interactive

databases,

such

as

GenBank™

(http://www.ncbi.nlm.nih.gov). These sequences can be used to design conserved, or
semi conserved (degenerate), primers to regions flanking the gene of interest.
Somewhat paradoxically, a further disadvantage of PCR is its high sensitivity.
Contaminating organisms, such as normal faecal bacteria, can be amplified when the
primers are not fully specific to the organism of interest. Where possible, the design of
highly specific primers overcomes this problem.

The benefits of PCR are increased when used in combination with traditional DNA
based approaches for the molecular characterisation of parasites. For example, the
linkage of PCR to restriction fragment length polymorphism (PCR-RFLP) provides a
technique that overcomes the need for large quantities of DNA, required for genomic
RFLP (Curran, et al., 1985; Hide, 1996; Hall, 1996), whilst still providing a highly
useful molecular tool for genetic characterisation. This technique has been used widely
on many organisms including bacteria (Wilson, et al., 1995; Akopyanz, et al., 1992);
mycobacteria (Telenti, et al., 1993) and fungi (Williams, et al., 1995; Gardes and Bruns,
1996). The characterisation of parasites, such as Cryptosporidium (Ortega, et al., 1991;
Leng, et al., 1996; Morgan, et al., 1999), hookworm (Hawdon, 1996), Trichostrongyle
nematodes (Gasser, et al., 1994), Toxoplasma (Brindley, et al., 1993), Leishmania
(Guevara, et al., 1992), Strongyloides (Ramachandran, et al., 1997) and trypanosomes
(Dietrich, et al., 1990) has been made possible with the advent of this technique.
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Other PCR based approaches include random amplification of polymorphic DNA
(RAPD) (Williams, et al., 1990) (also known as arbitrarily-primed PCR (Welsh and
McClelland, 1990)) and DNA sequencing. RAPD analysis has proven suitable for
molecular characterisation studies of many organisms including birds, plants, insects,
bacteria (see Bowditch, et al., 1993)) and parasites such as protozoans (Morgan, et al.,
1993; Morgan, et al., 1995) Leishmania (Gomes, et al., 1995) and schistosomes (Neto,
et al., 1993). This technique is generally not suitable, however, for analysis of some
parasite material in faecal samples (Morgan, 1995). This is because the extensive
purification and pre-treatment with chemicals such as sodium hypochlorite (bleach)
required

to

remove

contaminating

organisms,

whilst

possible

with

robust

Cryptosporidium oocysts (Morgan, 1995), was not suitable for Hymenolepis eggs.

DNA sequencing is considered the ‘ultimate tool’ for molecular epidemiology studies
especially if linked with PCR and targeted to phylogenetically informative regions of
DNA (Hide and Tait, 1991; Thompson, et al., 1998). Given the limitations that existed
for the study of H. nana in humans and mice the most appropriate molecular tools for
this study were believed to be PCR-RFLP and sequencing of regions of DNA that were
phylogenetically and epidemiologically informative.

1.13.

1.13.1.

Choosing the Most Appropriate Regions of DNA for Molecular
Characterisation
Ribosomal Genes

Ribosomal DNA (rDNA) genes are found in prokaryotes (see Hillis and Dixon, 1991 for
references) and eukaryotes (Wellauer, et al., 1976; Dover, et al., 1982).

In most

eukaryotes the rDNA genes are usually arranged in a series of tandemly repeated units
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comprised of coding genes and non-coding spacers (Long and Dawid, 1980) (Figure
1.5).

Selection of the most appropriate region of rDNA for analysis is largely dependent on
current knowledge of the evolutionary rates of each region. The small subunit rDNA
gene, the 18S in eukaryotes, generally evolves very slowly and has been used for
studying “ancient evolutionary events” and “deep phylogenetic branching” between taxa
(Hillis and Dixon, 1991).

ETS

28S

NTS

IGS

ETS

18S

5.8S

ITS1

28S

ITS2

Figure 1.5 Structural Organisation of Eukaryotic Ribosomal DNA Tandem Repeat Unit. (Adapted
from Dover, et al., 1982; Hillis and Dixon, 1991).

The large subunit rDNA gene, the 28S, is larger than the 18S and, as it consists of
domains which show more variation than the 18S, is often used for construction of
relatively recent events (Hillis and Dixon, 1991). The 5.8S, whilst displaying a similar
rate of evolution as the 18S, is usually too short to provide sufficient ‘characters’ for
analysis.

The internal transcribed spacer regions (ITS1 and ITS2), which contain

signals for the processing of the rRNA transcript, are moderately conserved and have
been used to infer phylogenies among closely related taxa that have diverged within the
last 50 million years (Sites and Davis, 1989; Hillis and Dixon, 1991).
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Moderately variable regions of rDNA, such as the internal transcribed spacers 1 and 2,
are considered highly informative for the delineation of closely related species (cf
Adlard, et al., 1993; Stevenson, et al., 1995; Wilson, et al., 1995; Felleisen, 1997;
Sugita, et al., 1998). DNA sequencing is the ‘gold standard’ for phylogenetic studies of
closely related species. For this reason, sequencing of the ribosomal spacer regions has
been used to characterise closely related parasite species by many researchers. Studies
include those on nematodes (Stevenson, et al., 1996; Hoste, et al., 1998; Zhu, et al.,
1998; Chilton, et al., 1998; Romstad, et al., 1998; Hoglund, et al., 1999), trematodes
(van Herwerden, et al., 1998; Sorensen, et al., 1998), rhipicephaline ticks (Barker,
1998) and apicomplexans (Bonnin, et al., 1996; Marsh, et al., 1998; Barta, et al., 1998;
Morgan, et al., 1999; Smith, et al., 1999).

Amplification of rDNA genes is facilitated by the conserved nature of regions within the
coding genes. It is possible to design oligonucleotide primers inferred from the primary
sequence of the same regions of closely related organisms. Although the spacer regions
are non-conserved, they can also be amplified easily because they are flanked by
conserved coding regions in which oligonucleotide primers can be anchored (Hillis and
Dixon, 1991).

Ribosomal genes usually exist in many copies, ranging from as low as 2 – 5 copies in
some apicomplexans (Gunderson, et al., 1987; Kibe, et al., 1994) to upwards of 19 000
copies in some amphibians (Long and Dawid, 1980). Furthermore, they are located on
different chromosomes, including the X and Y chromosomes, in different organisms (see
Long and Dawid, 1980). Multi-copy ribosomal genes do not evolve independently,
rather each copy evolves by a series of mechanisms generally referred to as “concerted
evolution,” thus ensuring that low sequence variation, or homogenisation, exists

Characterisation of Community-Derived Hymenolepis Infections in Australia

30

Chapter 1. General Introduction

between gene copies within an organism over time (Dover, et al., 1982). Concerted
evolution is defined by Dover et al. (1993) as “a distribution pattern of mutations in
multiple copy sequences such that there is a greater similarity in sequence between
members of a repeated family from within a species than there is between members of
the family drawn from different species”.

The mechanisms by which concerted

evolution operate within ribosomal genes are complex, and almost certainly involve
more than one mechanism, such as unequal crossing-over, gene conversion, DNA
transposition and DNA slippage (Dover and Coen, 1981; Arnheim, 1983; Elder and
Turner, 1995; Polanco, et al., 2000). The spread of sequence variants (mutations)
through a family of genes is considered to be a process (“molecular drive”) which can
explain genetic exchanges such that mutations become fixed in a genome
(“homogenisation”) (Dover, et al., 1993).

1.13.2.

Mitochondrial Genes

The use of mitochondrial coding regions such as the cytochrome c oxidase subunit 1
(C01) gene have been successfully used to identify genetic variation between closely
related parasite species (Bowles, et al., 1992; Blouin, et al., 1998; Morgan and Blair,
1998; Zarlenga, et al., 1998). An advantage for the use of the mitochondrial genome in
taxonomic studies is its rapidly evolving genome, relative to nuclear DNA (Hillis and
Dixon, 1991; McManus and Bowles, 1996). In some instances, closely related species
may not exhibit any variation in conserved ribosomal genes such as the 18S but have
been found to exhibit large (13-16%) genetic variation in mitochondrial genes (Blouin,
et al., 1998). It is generally believed that genetic recombination does not occur in
mitochondrial genes and thus, they are inherited as a unit (= linked) from generation to
generation (Avise, 1994). The concept of “gene linkage” in the mitochondrial genome
has been challenged by Lunt and Hyman (1997) who suggest that this does not occur in
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Meloidogyne nematodes. However, this central dogma is likely to remain until further
investigation of other parasite species, including other nematodes, occurs (Anderson, et
al., 1998).

Mitochondrial DNA has minimal non-coding DNA and no introns (Avise, 1994). In
addition, conserved coding regions are ideal for the design of oligonucleotide primers
for the amplification of variable regions of the genome (McManus and Bowles, 1996).
Choosing the most appropriate region of the mitochondrial genome for characterising
the phylogenetic relationships between closely related species is important. The noncoding control region is reported to be the most variable region of the mitochondrial
genome, however, this is believed to be too variable for studies of relationships “below
the species level of lower vertebrates and invertebrates” (Moritz, et al., 1987; McManus
and Bowles, 1996). According to Blouin et al. (1998) the cytochrome c oxidase subunit
1 (C01) gene is highly useful for studies of closely related species.

Understanding the extent and nature of genetic variation that occurs in parasite
populations is particularly important to epidemiologists and disease control workers.
This is because populations of a species may look alike whilst exhibiting marked
differences in factors such as transmission, host preference, drug sensitivity and
virulence. The aim of control programs is to break the life cycle of the parasite but their
effectiveness requires an understanding of local patterns of transmission. Long-term
control strategies may include public health initiatives to control the hosts involved in
the transmission of H. nana, combined with education programs aimed at individuals
most at risk of infection. Identifying the risk factors within communities is likely to be
the most cost efficient for implementing control strategies (WHO, 1996). Importantly,
an understanding of the transmission patterns overseas may not necessarily be
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extrapolated to the situation in Australian communities. Understanding the status of the
two putative ‘species/strains’, Hymenolepis nana and H. nana var fraterna, and their
host predilection, is therefore, of biological, epidemiological and taxonomic importance.
1.14.

Hypotheses and Aims

Due to the lack of morphological distinction between isolates of Hymenolepis nana in
human and rodent hosts, combined with the uncertainty of the existence of a rodent
‘sub-species’ or ‘strain’ (H. nana var fraterna) the following hypotheses were proposed:
1.

The species of Hymenolepis which infects humans in north-west Western
Australia is genetically distinct from the species which infects animals, such as
rodents, and may not be transmissible between the two.

2.

Molecular characterisation techniques can be used to genotype Hymenolepis
isolates within local endemic communities and also from geographically
separated areas.

1.14.1.

Aims

In order to test these hypotheses the aims of this project were:
1.

To inoculate rodent species (mice, rats and hamsters) with human isolates of
H. nana.

2.

To develop a method for reproducible PCR amplification of DNA extracted
from Hymenolepis adult worms, cysticercoids and eggs in faeces.

3.

To use molecular characterisation techniques on a number of different loci to
determine whether isolates collected from different hosts are genetically distinct
from each other.

Characterisation of Community-Derived Hymenolepis Infections in Australia

33

Chapter 1. General Introduction

4.

To use PCR-RFLP analysis of hypervariable regions of DNA as a fingerprinting
tool for isolates collected within local endemic communities to determine
transmission patterns of Hymenolepis.

5.

To genetically compare Hymenolepis spp. from different individuals and different
host species.

1.15.

Definition of Terms

Molecular characterisation tools have revealed substantial levels of variation at the
genetic level in a number of parasite species, including cestodes (Bowles, et al., 1994).
Several different terms are used in the literature to describe the existence of genetic
variability within a species, however, this does not necessarily imply the existence of
biologically defined variants. To clarify this, a number of terms and their definitions, as
used throughout this thesis, are described in more detail here:

Clone – sometimes refers to the “progeny of a single parasite” (Walliker, 2000) that
arises from asexual reproduction where the individual progeny are genetically identical
(Tibayrenc and Ayala, 1991). In this thesis, a clone refers to the ligation of fragments of
Hymenolepis DNA (that have been amplified by PCR) into a bacterial plasmid vector,
then grown in culture medium. This results in the generation of a large number of
plasmids that contain a segment of Hymenolepis DNA that are theoretically identical.
These fragments can then be sequenced using oligonucleotide primers that bind to the
vector DNA that flanks the inserted PCR fragment.

Gene – theoretically a gene is the segment of DNA that encodes for a polypeptide,
however, it can be used informally to describe “any given DNA sequence” (Tibayrenc,
1998).
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Genotype – “the genetic make-up of an organism” (the genetic sequence of an
organism’s DNA). The phenotype (physical appearance and biological characteristics)
of an organism occurs as a result of the expression of the genotype (alleles at a
particular locus) (Kendrew and Lawrence, 1994).

Isolate – a sample of a parasite collected from an infected host at any given time
(Walliker, 2000). A sample may contain several genetically distinct genotypes, which
could be determined by cloning.

Species – the biological concept of species proposed by Mayr (1940) says that “a
species is a collection of individuals that are potentially infertile and that cannot
exchange genes with individuals of other species”. This definition has been challenged
as inapplicable to some parasite taxa (Thompson and Lymbery, 1990; Tibayrenc, 1993).
Instead a species may be described on the basis of “specific epidemiological/medical
characters and large phylogenetic divergence” (Tibayrenc, 1993).

Strain – the definition of ‘strain’ appears to be variable between taxa (Thompson and
Lymbery, 1990) and there is no real agreement on the definition (Tibayrenc, 1998).
Traditionally it has been used to define groups, within morphologically identifiable
species, that are genetically distinct. It is apparent that the term strain has also been
informally applied to groups that “are homogenous populations possessing a set of
defined characters” which may, or may not, display biological variation (Thompson and
Lymbery, 1990). In this thesis, the term strain is used to imply a combination of both
genetic and biological variation between isolates of Hymenolepis.
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Sub-species – in this thesis the definition of sub-species does not correspond to that used
for “classical taxonomy” (see Tibayrenc, 1998). In this thesis it is used interchangeably
with the term ‘strain’.
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2. GENERAL MATERIALS AND METHODS
2.1.

Collection of Parasite Material

2.1.1.

Rodent

A laboratory reference isolate of H. nana was provided by Dr. Akira Ito, Gifu
University, Japan in two forms - eggs in phosphate buffered saline (PBS) and
approximately 30 flour beetles, Tribolium confusum, infected with the cysticercoid stage
of H. nana.

The isolate has been passaged through laboratory mice for more than 20 years.
Approximately 2000 H. nana eggs were inoculated into 5 week old, male BALB/c mice.
Adult worms were dissected from the small intestine approximately 14 days postinoculation then washed repeatedly in PBS and stored at –80 ˚C until DNA extraction.
Australian mouse isolates of H. nana were supplied as eggs in faecal pellets moistened
in PBS from field trips conducted by Dr. Grant Singleton (CSIRO) in Victoria,
Australia. Field isolates of H. nana from Portugal were provided as adult worms
preserved in a solution of dimethyl sulphoxide (DMSO)/saturated sodium chloride
(NaCl) and maintained at room temperature until DNA extraction.

An isolate of

H. nana from Italy was provided as Tribolium confusum beetles infected with
cysticercoids by Dr. Margherita Conchedda, Cagliari, Italy. Hymenolepis diminuta
adult worms were obtained by dissection of infected six week old male Wistar rats
maintained by the Murdoch University Parasitology Teaching Resource. Adult worms
of H. citelli and H. microstoma, preserved in DMSO/saturated salt, were also provided
by Dr. Behnke.
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2.1.2.

Human

Human isolates of Hymenolepis were obtained as eggs in faecal samples from both
children and adults in five remote communities in the north-west region of Western
Australia during a longitudinal parasitological survey conducted by Murdoch University
between 1994 and 1997. Upon collection, faecal samples were immediately sealed in
sterile 50 ml containers and stored at 4 ˚C. Samples were flown, on ice, to Perth,
Western Australia usually within 24 – 48 hours of collection.

2.2.

Detection of Hymenolepis Eggs in Faeces Using Zinc-Sulphate Flotation

The positive identification of Hymenolepis eggs in faecal samples was performed using
the zinc sulphate flotation method outlined by Voge (1970). Briefly, a small faecal plug
was emulsified in approximately 10 ml of distilled H20 in a 10 ml centrifuge tube,
centrifuged for 45 secs at 700 x g and the supernatant was carefully discarded. Zinc
sulphate solution (prepared as 330 g/L) (APS FineChem, NSW, Australia) was added to
within 1 cm of the top of the tube and the sample was mixed thoroughly to resuspend
the pellet. The tube was centrifuged for 2 mins at 700 x g (with the ‘brake’ option
turned off). A heat sterilised wire loop was touched to the surface material and then
transferred to a microscope slide, covered with a 1mm glass coverslip and examined by
light microscopy for the presence of eggs.

2.3.

PCR Amplification of DNA and Automated Sequencing

DNA was amplified in 25 µl volumes containing 67 mM Tris-HCl (pH 8.8), 16.6 mM
(NH4)2SO4, 2 mM MgCl2, 0.5 unit of Tth plus (Fisher Biotech, Perth, Australia),
200 µM of each dNTP and 12.5 p moles of each primer. All primers were designed
using Amplify 2.1 (Bill Engels, University of Wisconsin) and oligonucleotides were
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synthesised by GIBCO BRL (Gaithersburg, MD, USA). Reactions were performed on a
PE 2400 (Perkin Elmer, Foster City, California) thermal cycler. When large PCR
products or DNA extracted from faeces were amplified, 0.5 units of Taq Extender™
(Stratagene, USA) was added to the PCR mix as this improved amplification
significantly. PCR products were purified using the QIAquick-spin PCR purification kit
(Qiagen, Germany) according to manufacturers instructions.

PCR products were

sequenced using an ABI Prism™ Dye Terminator Cycle Sequencing Ready Reaction kit
(Applied Biosystems, Foster City, California) according to manufacturers instructions,
except the reagent volumes were halved.

In some instances, 2 µl of HalfTERM

(Genpak Inc, Stony Brook, New York) was substituted for 2 µl of dye terminator mix as
this reduced the cost of the reaction without compromising the quality of the sequence.
In each reaction, 3.25 p moles of primer and 5.5 µl of DNA was added to a final volume
of 10 µl.

Following sequencing, the products were purified using a method outlined by Applied
Biosystems (ABI) with some minor modifications. Briefly, the 10 µl sequence reaction
was added to a microfuge tube containing 1 µl 3M Sodium acetate (pH 4.6) and 25 µl
95% ethanol, then incubated on ice for 20 mins. The samples were centrifuged at full
speed for 30 mins. The ethanol solution was carefully removed by pipette then the
pellet was washed with 250 µl of 70% ethanol and carefully dried under vacuum.
Reactions were sequenced using an automated ABI sequencer and sequence profiles
were analysed using SeqEd v1.0.3 (ABI).
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2.4.

Agarose Gel Electrophoresis

Agarose gel electrophoresis was carried out using 0.4 - 2.5% gels in TAE buffer
(40 mM Tris-HCl; 20 mM acetate; 2 mM EDTA; pH 7.9).

Electrophoresis was

performed using horizontal gels, in electrophoretic cells (BioRad). Ethidium bromide
was included in the gel at a final concentration of 0.12 µg/ml. After electrophoresis,
DNA was visualised under UV-illumination. Digital images of gels were captured and
stored to disk using Molecular Analyst Software 1992, Version 1.4, Molecular
Bioscience Group, Hercules, California..

2.5.

Cloning of PCR Products and Recombinant Clone Screening

PCR products were ligated into the pCR® 2.1 vector using the Original TA Cloning®
Kit (Invitrogen, USA) according to manufacturers instructions.

Briefly, the PCR

product was ligated into 50 ng pCR® 2.1 vector at 14 ˚C overnight with T4 ligase. One
Shot™ Competent cells (TOP 10F) were thawed on ice and 2 µl of 0.5M
ß-mercaptoethanol was added and the cells mixed gently. The ligation reaction was
added to the competent cells and incubated on ice for 30 mins. The cells were then heat
shocked at 42 ˚C for exactly 30 secs and placed on ice for 2 mins. Following this
incubation, 250 µl of SOC media (Invitrogen, USA) was added to the cells and
incubated in a horizontal position at 37 ˚C for 1 hour at 225 rpm on a shaking rack. The
cells were plated onto Luria-Bertoni (LB) agar plates (10 g/L Bacto tryptone, 5 g/L
Bacto yeast, 5 g/L NaCl, 1.5% agar, pH7.0) that contained ampicillin (50 µg/ml) to
which 40 µl of X-Gal (20 mg/ml) and 40 µl of IPTG (100 mM) had been spread 1-2
hours prior. LB plates were incubated for at least 18 hours at 37 ˚C.
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Recombinant clones (white colonies) were screened by PCR using either universal M13
forward and reverse primers (DNA Express, USA), or with the primers originally used
to amplify the PCR product being cloned. Half of each white colony was picked from
the plate using a sterile wire and spread onto a new LB plate containing ampicillin and
incubated overnight at 37 ˚C. Using a pipette tip, the other half was added to 30 µl of
TE buffer containing 1% Triton-X-100 (BioRad, USA) and vigorously pipetted to
dislodge the cells. The mixture was heated to boiling point (100 ˚C) for 5 mins, then
centrifuged at full speed for 2 mins. Usually 5 µl of the supernatant was added to the
PCR mix as outlined in Section 2.3.

If M13 primers were used to screen the

recombinant clones, the samples were heated to 94 ˚C for 2 mins, followed by 38 – 45
cycles1 of 94 ˚C for 30 secs, 55 ˚C for 30 secs, 60 ˚C for 1 min2, with a final cycle of
60 ˚C for 7 mins. If the PCR fragment primers were used to screen the recombinant
clones, the protocol was adapted to match the original PCR used to amplify the product
being cloned. A 2 µl aliquot of the PCR reaction was run on a 1% agarose gel
(Promega, USA) and checked for size against a 100 bp molecular weight marker
(GIBCO, USA or New England Biolabs, USA).

In instances where the cloned insert was small (less than 700 bp), sequencing was
performed directly from the boiled colony supernatant. Instead of purifying the plasmid
DNA (Section 2.6), the entire 25 µl PCR reaction, obtained from the recombinant clone
screening, was run on a 1% agarose gel, excised from the gel and purified using the

1

When sequencing was performed directly from the boiled colony supernatant, instead of plasmid DNA, the number

of cycles was usually increased from 38 to 45 to maximise the output of PCR product.
2

Calculations for extension times were made on the basis that every 1000 bp required approximately 60 secs for

extension. The extension time was, therefore, usually dependent on the size of the insert.
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QIAquick-spin PCR purification kit (Qiagen, Germany) according to manufacturers
instructions. Sequencing was performed as outlined in Section 2.3.

2.6.

Purification of Plasmid DNA

Using a sterile wire loop, positive recombinant clones were picked from the LB plate
into 5 mls LB broth pH 7.0 (10g/L Bacto Tryptone, 5g/L Bacto yeast extract, 10g/L
NaCl) containing 5 µl of Ampicillin (100mg/ml) and grown overnight at 37 ˚C at
225 rpm on a shaking rack. Plasmid DNA was purified using the FlexiPrep® kit
(Pharmacia Biotech Inc, USA) with some modifications. Briefly, 1.5 ml of overnight
broth was transferred to a microfuge tube and centrifuged for 30 secs. The supernatant
was aspirated off and a further 1.5 ml of overnight broth was added to the same tube,
centrifuged for 30 secs and the supernatant aspirated off again.

The pellet was

resuspended in 200 µl of Solution 1 (100 mM Tris-HCl (pH 7.5), 10 mM EDTA,
400 µg/ml RNase I) and vortexed vigorously. Following this, 200µl of Solution II
(1M NaOH, 5.3% (w/v) SDS) was added to the tube and mixed by inverting gently until
the supernatant cleared, indicating cell lysis. When cell lysis was complete, 200µl of
Solution III (3 M potassium, 5 M acetate) was added and the tube mixed by inverting.

The sample was centrifuged at full speed for 5 mins and the supernatant was transferred
to a clean centrifuge tube, taking care not to transfer any white precipitate. The plasmid
DNA was precipitated with the addition of 0.7 by volume of ambient temperature 100%
isopropanol and incubated for 10 mins at room temperature. The plasmid DNA was
pelleted by centrifugation at full speed for 10 mins and the supernatant discarded. The
DNA was purified further using a glass matrix to which DNA binds in the presence of
guanidine. 150µl of Sephaglass™ FP slurry was added to the DNA pellet and vortexed
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gently for 1 min to dissolve the pellet. The sample was centrifuged at full speed for
15 secs and the supernatant carefully removed without disturbing the sephaglass pellet.
Elution, using 2 aliquotes of 200 µl each of TE buffer, followed by standard sodium
acetate (NaAC) / ethanol precipitation, substantially increased the yield of plasmid
DNA.

The plasmid DNA was eluted in 30 µl of ultra-pure H20 (Fisher Biotech, Perth,
Australia). Usually, a 1 µl aliquot was electrophoresed through a 1% agarose gel
(Section 2.4) with known amounts of lambda DNA (Promega, USA). An estimate of
the plasmid DNA concentration was made by comparing the band intensity relative to
known concentrations of lambda DNA. Approximately 200 ng of plasmid DNA was
sequenced according to the protocol outlined in Section 2.3.
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3. IN VIVO INFECTION TRIALS OF HUMAN ISOLATES OF
HYMENOLEPIS NANA IN INSECT AND RODENT SPECIES
3.1.

Introduction

As discussed in Chapter 1, some controversy exists regarding the existence of rodent
and human sub-species/strains of H. nana (Section 1.1).

Experimental cross-

transmission studies of H. nana isolates from rodent and human hosts conducted
overseas has added to the uncertainties surrounding the existence of biologically
separated forms of H. nana. For instance, Ferretti et al. (1981) attempted to address the
issue of host specificity by infecting rodent hosts with an isolate of H. nana obtained
from a 35 year old Sardinian woman. Although they infected laboratory mice with the
human isolate they reported some initial difficulties in establishing the infection,
requiring at least ten passages for complete adaptation (expressed as a low q ratio where
q = the “number of parasites obtained/number of eggs administered”). They concluded
that “epidemiologically speaking, if q is low in the first passages in hosts of different
species it becomes unlikely for an egg from a mouse to develop in man….”.

These researchers had also established a colony of H. nana in mice using an isolate
obtained from a Sicilian child about 20 years previously (Ferretti, et al., 1981).
Unfortunately, mice bought from a commercial breeder, where H. nana was endemic,
were used for their earlier experiments. The adult worms obtained from these mice
could not, therefore, be reliably identified as originating from the Sicilian human isolate
(Dr. M. Conchedda, pers comm) . Given the difficulty of establishing an infection with
the Sardinian human isolate in laboratory mice, this research group now believes that
the infection established in the early experiments was likely to be a mouse isolate,
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endemic in the breeder colony, rather than the human isolate (Dr. M Conchedda, pers.
comm).

Al-Baldawi et al. (1989) failed to infect laboratory rodents with a human isolate of
H. nana, from the Basrah district in Iraq, even after immunosuppression of the mice
with hydrocortisone. Furthermore, they also failed to infect Tribolium confusum flour
beetles with the same isolate, an insect species well recognised as a suitable
intermediate host for H. nana (Sinha and Hopkins, 1967; Seidel and Voge, 1975).
These authors concluded that the human strain of H. nana in Basrah may be host
specific which is further reinforced by their failure to develop the human strain to the
cysticercoid stage in beetles.

In an attempt to resolve some of the uncertainties regarding the speciation, biology and
host specificity of Hymenolepis nana present in the north-west of Western Australia the
specific aim in the present study, therefore, was to conduct infectivity trials in rodent
species, using a number of isolates of H. nana collected from humans. Importantly, this
was expected to provide data that would address the hypothesis “that the species of
Hymenolepis which infects humans in north-west Western Australia is genetically
distinct from the species which infects animals, such as rodents, and may not be
transmissible between the two” (Hypothesis 1).

3.2.
3.2.1.

Materials and Methods
Source of Parasites

A laboratory reference isolate of H. nana, from Japan, was obtained according to the
methods outlined in Section 2.1.1. Human isolates of H. nana samples were obtained
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according to the methods outlined in Section 2.1.2. Detection, by microscopy, of
Hymenolepis eggs in faecal samples was made using the ZnSO4 flotation technique
(Section 2.2). Eggs were usually purified from the faecal samples using the NaCl
flotation method (Section 3.2.3) prior to inoculation into specific pathogen free (SPF)
mice, rats and hamsters (Section 3.2.3.1). Other egg extraction techniques used in this
study are outlined in Section 3.2.4.

3.2.2.

Infection of Mice and Beetles Using Laboratory ‘Reference’ Strain

The direct and indirect life cycles of H. nana were tested in this study using eggs and
cysticercoids sent by Dr. Ito (Japan). Infected Tribolium confusum sent by Dr. Ito were
killed and dissected using a WILD M7A stereo microscope (WILD Heerbrugg,
Switzerland). Cysticercoids were collected into phosphate buffered saline (PBS) and
orally inoculated, via stomach tube, into Swiss Quackenbush (Swiss Q) and BALB/c
male, 4 - 5 week old mice. Approximately 11 days later, adult worms were dissected
from the small intestine and washed repeatedly in PBS. Eggs were teased from the
gravid proglottids from worms obtained in this manner and routinely passaged through
mice and beetles. In addition, H. nana eggs sent by Dr. Ito were stored in PBS at 4 ˚C
and were periodically inoculated into mice (19, 23, 26, 62 and 70 days post-collection).
This was primarily to provide a positive control of the decline of viability of eggs stored
at non-ambient temperatures over a several week period. When mice were inoculated
with eggs, rather than cysticercoids, euthanasia and dissection was delayed until day 14
due to the longer pre-patency of infection.
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3.2.3.

Isolation of H. nana Eggs from Human Faeces by Saturated NaCl
Flotation for Inoculation into Rodent Hosts

The SPF mice and rats used in this study were purchased from the Animal Resources
Centre (ARC), Western Australia. The infection trials were conducted at Murdoch
University, Western Australia.

The hamster infection trial (Section 3.2.5.3) was

conducted by Dr. J M Behnke (University of Nottingham, UK) with a human isolate of
H. nana from the Murdoch University collection.

Except where stated otherwise

H. nana eggs were collected from human faecal samples by saturated sodium chloride
flotation according to the method outlined by Voge (1970) with some minor
modifications. Briefly, the sample was resuspended in saturated NaCl (BDH, Merck
Pty Ltd, Victoria, Australia), at a ratio of faecal material:brine

of < 1:20, then

centrifuged for 2 mins at 700 x g (with the ‘brake’ option turned off).

Without

removing the tubes from the centrifuge, the surface material was drawn into a plastic
pasteur pipette then transferred into a clean 10 ml centrifuge tube. The sample was
washed with PBS, centrifuged for 2 mins at 700 x g and the supernatant was carefully
poured off and discarded. This was repeated three times to remove any trace of salt.

3.2.4.

Inoculation of Rodents with Hymenolepis Eggs and Cysticercoids

H. nana eggs obtained by saturated salt flotation were resuspended in 0.1 ml PBS,
drawn into a 1 ml hypodermic syringe fitted with a blunted 23 gauge needle and 0.5 mm
polyethylene tubing.

3.2.5.

Infection Methods Tested Using Human Isolates

A variety of egg collection and inoculation methods were tested using human isolates of
H. nana in both mice and beetles.
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3.2.5.1.

In Mice

1) Oral inoculation of mice, via stomach tube, using eggs extracted by NaCl flotation.
The size of each inoculate ranged from 50 – 14 400 eggs (Ferretti, et al., 1980; Ito,
1982; Ito, 1984c; Palmas, et al., 1984).

2) Oral inoculation of mice, via stomach tube, using eggs extracted by Ficoll / sodium
diatrizoate gradient centrifugation (Lumb, et al., 1988) and sucrose gradient methods
(Berntzen and Voge, 1962; Lethbridge, 1971; Hurd and Burns, 1994).

3) Oral inoculation of mice, via stomach tube, using eggs treated by mechanical and
chemical ‘cracking’ with a glass bead and trypsin digestion method outlined by Ito
(1975) except that the Trypsin (ICN Biomedicals, Ohio, USA) was dissolved in Tyrodes
solution (Sigma, St. Louis, Missouri, USA) instead of Hanks’ balanced salt solution.
The glass beads (Sigma, USA) used were smaller (425-600µ).

4) Spiking of mouse food with eggs for ad libitum feeding (Ferretti, et al., 1980) except
that bread pieces were used instead of ground food pellets provided by the small animal
facility, Murdoch University.

5) The pharmacological immunosuppression (Lucas, et al., 1980) of mice, rats and
hamsters using subcutaneous injections of cortisone acetate (Sigma, USA) as well as the
use of a congenitally hypothymic mouse model (Ito, 1985).

3.2.5.2.

In Beetles

1) Feeding NaCl-extracted eggs to Tribolium confusum (flour beetles) that were prestarved for 6 days (Nakamura and Okamoto, 1993) on either filter paper (Yan and
Norman, 1995) or a latex rubber sheet (Nakamura and Okamoto, 1993).
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2) Feeding T. confusum (pre-starved for 6 days) directly on infected faeces (Pappas, et
al., 1995; Yan and Norman, 1995).

3.2.6.

Cortisone Acetate Treatment

Five different strains of SPF mice were used for the experimental procedures including
Swiss Q (Thompson, 1972; Seidel and Voge, 1975); BALB/c (Watanabe, et al., 1994;
Asano, et al., 1986; Matsuo and Okamoto, 1995); A/J and CBA/CAH (Ito, et al.,
1988b); two strains of SPF rats: Fischer 344 (Ito, 1983) and Wistars, an equivalent
strain to the Rowett rats used by (Ito and Kamiyama, 1987) and SPF hamsters (Ronald
and Wagner, 1975).

3.2.6.1.

Mice

Six Swiss Q, A/J and CBA/CAH mice were divided into two equal groups. All mice
were weighed prior to the trial to adjust their dose of cortisone accordingly.

A

subcutaneous injection of cortisone acetate (Sigma, USA) at a dose of 125 mg/kg
(Malinverni, et al., 1995) was given to half the group on days 2, 4, 6, 8, 10 and 12. The
remaining half of each group were used as controls and did not receive any cortisone
treatment prior to inoculation with H. nana eggs. All six mice in each group were
inoculated with 2000 H. nana eggs in 0.2 ml PBS on day 0, regardless of their status
(controls and test). A slightly modified regime was also tried using A/J and CBA/CAH
mice whereby mice received their first cortisone dose 24 hours prior to inoculation (day
–1), followed by five subsequent doses on days 1, 3, 5, 7 and 9. All mice, regardless of
their status, were killed and dissected 14 days post-inoculation.
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3.2.6.2.

Rats

Six each Wistar and Fischer 344 rats were divided into two equal groups. Half of each
group received a subcutaneous injection of 50 mg cortisone acetate on days 4 and 6 (Ito
and Kamiyama, 1987). All rats (controls and test) were inoculated with 2000 H. nana
eggs in 0.2 ml PBS on day 0.

All rats were killed and dissected 14 days post-

inoculation. The same human sample was used to infect all mice and rats used in the
cortisone treatment trial, thus eliminating random ‘between-sample’ variability from the
experimental procedure.

3.2.6.3.

Hamsters

Fifteen hamsters were divided equally into five groups. Although it was not possible to
use the sample inoculated into the mice and rats, a single human sample was used to
inoculate all 15 hamsters. All hamsters received a subcutaneous injection of cortisone
acetate (Sigma, USA) at a dose of 25 mg/kg 24 hours prior to stomach tubing and again
on day 4 post inoculation. Each group was inoculated with varying numbers of eggs.
Group 1 received approximately 1860 eggs each; group 2 received 2220; group
3 received 3260 eggs; group 4 received 14 400 eggs and group 5 received 400 eggs.
One hamster per group was killed on day 4 to examine the intestine for cysticercoids,
another on day 7 to look for immature worms and the remaining hamster on day 14 to
look for mature adult worms.

3.2.7.
3.2.7.1.

Viability Tests
Trypsin Digestion

Egg shells were removed from H. nana both mechanically and chemically using a
modified trypsin digestion method (see point 3, Infection Methods Tested using human
isolates).
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3.2.7.2.

Nucleic Acid Dyes

Nucleic acid dye staining techniques used successfully for viability testing of Giardia
and Cryptosporidium spp. by other researchers (Schupp and Erlandsen, 1987; Belosevic,
et al., 1997) were evaluated for their indicator of viability of H. nana eggs extracted
from human faeces. Stock and working solutions of fluorescein diacetate (FDA) and
propidium iodide (PI) (Sigma, USA) were prepared according to the method outlined by
Schupp and Erlandsen (1987) whilst SYTO-9 and hexidium iodide (HI), from the
BacLight™ bacterial gram strain kit (Molecular Probes, Eugene, Oregon, USA), were
prepared according to manufacturers instructions.

A pellet of H. nana eggs was

obtained by centrifugation at 1000 x g for 30 secs and excess supernatant removed.
Giardia cultures and Cryptosporidium oocysts, maintained routinely in the Murdoch
University laboratory, were used as controls (positive and negative) and H. nana eggs,
heated to 70 ˚C for 30 mins, were also used as a negative control. Nucleic acid staining
using FDA and PI was carried out on ice for 10 mins (Schupp and Erlandsen, 1987) as
well as at 37 ˚C for 30 mins. Nucleic acid staining using SYTO-9 and HI was carried
out for 10, 30 and 60 mins at 37 ˚C based on the method outlined by Belosevic et al.
(1997). A sample of H. nana not exposed to nucleic acid dye was also used to check for
intrinsic autofluorescence, a phenomenon found to occur in some cells (Steinkamp, et
al., 2000). Slides of all tests and controls were viewed with a confocal laser microscope
(BioRad, California, USA) using 488nm laser at 1% power. A 522Df35 filter was used
for FDA and SYTO-9 detection and a 680DF32 filter was used for PI and HI detection.
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3.3.

Results

3.3.1.

Infection Trials Using a Japanese Laboratory Reference Isolate in Mice
and Beetles

Oral inoculation of eggs, stored at 4 ˚C, of the Japanese reference strain yielded adult
worms from both Swiss Q and BALB/c mice when dissected 14 days post inoculation
on all occasions (after 19, 23, 26, 62 and 70 days storage) providing a positive control of
viability over time (data not shown). Eggs from Dr. Ito’s isolate were not tested for
viability beyond day 70. Tribolium confusum, starved for 6 days, then fed on terminal
gravid proglottids obtained from these worms were consistently infected with
cysticercoids upon dissection three weeks post-feeding. When mice were inoculated
with cysticercoids from beetles sent from Japan, adult worms were consistently obtained
whether 3, 4, 6, 7, 10 or 13 cysticercoids were used (data not shown).

3.3.2.

Infection Trials of Human Isolates in Mice and Rats

Of the 51 human faecal samples tested in mice and 24 samples cross-tested in beetles,
cysticercoid development occurred in Tribolium confusum with one sample only (Table
3.1). This faecal sample was stored at 4 ˚C for 23 days prior to egg extraction using
NaCl flotation, then fed to beetles. Five beetles harboured 73 cysticercoids in total
(Table 3.1).

Two Swiss Q mice were inoculated with 13 and 25 cysticercoids

respectively within 2 hours of dissection from the beetles. Two more Swiss Q mice
were inoculated three days later with 13 and 22 cysticercoids respectively that had been
stored at 4 ˚C since collection. No adult worms developed from these cysticercoids in
any of the four mice (data not shown). All remaining human samples failed to yield
either cysticercoids in beetles or adult worms in mice, including those inoculated into
the hypothymic BALB/c mice, regardless of the methods used for egg collection and
inoculation of the hosts (Table 3.1).
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SPF Mice or
Beetles

Species

Number
of Mice
or
Beetles

Sex

Age

Swiss Q

Mouse

85

Male

4-5 wks

BALB/c

Mouse

98

Male

BALB/c†

Mouse

5

Flour beetles

T. confusum

Flour beetles

T. confusum

Number of
Isolates
Tested
(Human)

Isolates
Yielding
Cysticercoids
(Beetles) or
Adult Worms
(Mice)

Isolates
Yielding
Adult
Worms

51

0

0

4-5 wks

51

0

0

Male

4-5 wks

1

0

0

110

ND

ND

11a

1*

0

130

ND

ND

13b

0

0

Table 3.1 Inoculation of Specific Pathogen Free (SPF) Mice and Flour Beetles with Human Isolates
of Hymenolepis nana. Where † = hypothymic (nude) model; ND = not determined; a = Eggs obtained by
NaCl flotation; b = Direct faecal feeding; * = 1 sample yielded 73 cysticercoids dissected from five
Tribolium confusum beetles infected via ad libitum feeding of eggs on filter paper.

3.3.3.

Infection Trial of Mice, Rats and Hamsters Treated with Cortisone
Acetate

No mice or rats, inoculated with the same human isolate, were infected with adult
worms when dissected 14 days post-inoculation regardless of whether treated with
cortisone acetate or not (Table 3.2). Hamsters from each group, killed and dissected on
day 4 post-infection, failed to yield cysticercoids from intestinal scrapings.
Furthermore, hamsters dissected on days 7 and 14 were not infected with immature or
mature worms respectively (Table 3.2).

3.3.4.

Viability Tests Using Trypsin Digestion and Nucleic Acid Dye Staining

Microscopical examination of aliquots of eggs, examined after trypsin digestion,
revealed many H. nana eggs with hatched oncospheres (results not shown). When
inoculated into mice or fed to beetles, however, no development to cysticercoid stage or
adult worm occurred. The use of nucleic acid dyes, FDA, PI, SYTO-9 and hexidium
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SPF Strain

Species

Swiss Qa

Mouse

3a/3*

Male

4-5 wks

125 mg/kg; 5 dosesa

Adult
Worms
Obtained
0

AJa

Mouse

3a/3*

Male

4-5 wks

125 mg/kg; 5 dosesa

0

4-5 wks

a

0

b

0

CBA/CAH
AJ

a

b

Mouse
Mouse

b

CBA/CAH

Fischer 344
Wistarc
DSN

d

c

Mouse

Number

a

3 /3*
b

3 /3*
b

3 /3*
c

Sex

Male
Male
Male

Age

4-5 wks
4-5 wks

Cortisone Treatment

125 mg/kg; 5 doses
125 mg/kg; 5 doses

b

125 mg/kg; 5 doses

0
c

Rat

3 /3*

Male

4-5 wks

100 mg total in 2 doses

0

Rat

3c/3*

Male

4-5 wks

100 mg total in 2 dosesc

0

Hamsters

15

d

Male

8 wks

d

25 mg/kg in 2 doses

0

Table 3.2 Cortisone Acetate Treatment Regime in Mice, Rats and Hamsters Prior to Inoculation
with Isolates of H. nana From Humans. Where a = cortisone injections days 2, 4, 6, 8, 10, 12, (doseweight dependent); * = control group received no cortisone; b = cortisone injections days –1, 1, 3, 5, 7, 9,
(dose-weight dependent); c = cortisone injections days 4 and 6, (dose-weight independent); d = cortisone
given to all 15 hamsters days –1 and 4.

iodide failed to provide an indication of viability of H. nana eggs for two reasons.
Firstly, it was apparent that H. nana eggs are mildly autofluorescent in the absence of
the nucleic acid dyes (results not shown). Secondly, it was found that heat-killed
H. nana eggs exhibited fluorescence with all four nucleic acid dyes (results not shown),
rendering the system unworkable for viability discrimination. The results obtained in
this study using protozoan controls correlated with the results published for both dye
pairs (Schupp and Erlandsen, 1987; Belosevic, et al., 1997), indicating the failure to
discriminate between heat-killed and non-treated H. nana eggs did not relate to the dyes
themselves, or a technical failure of the method.

3.4.

Discussion

The failure to infect mice with the human isolates of H. nana collected in Western
Australia is consistent with the hypothesis that a host specific ‘strain’ of H. nana exists.
Due to the care taken in the handling of the eggs following collection, combined with

Characterisation of Community-Derived Hymenolepis Infections in Australia

54

Chapter 3. In Vivo Infection Trials of Human Isolates of Hymenolepis nana in Insect and Rodent Species

the range of experimental protocols tested, it is unlikely that the results were due to the
non-viability of the H. nana eggs prior to inoculation.

Traditionally, the methods used for testing viability include in vitro hatching (Sinha and
Hopkins, 1967; Seidel and Voge, 1975) and in vivo animal infectivity trials (see for
instance Ito, 1977; Henderson and Hanna, 1987).

Simplified versions of in vitro

hatching of H. nana (Berntzen and Voge, 1962) and H. diminuta (Voge, 1970;
Lethbridge, 1972) using trypsin, amylase or beetle extracts have also been used.

In general, each of these methods has some limitations due to labour intensity, cost and
subjectivity of interpretation. Moreover, the use of animal infectivity trials is based on
the presumption of the suitability of an animal model. An animal model may not be
applicable when doubt over host adaptation of the parasite exists, such as with H. nana.

Currently, there are no published methods outlining the use of nucleic acid dyes on
tapeworm eggs to determine their viability. The use of fluorescent dyes in this study,
therefore, relied on their discriminatory power in protozoans (Schupp and Erlandsen,
1987; Belosevic, et al., 1997). It was considered worthwhile to evaluate as an in vitro
test of viability in this study, but was found to be unworkable for Hymenolepis eggs.

The development of H. nana eggs from one human sample to cysticercoid stage in
Tribolium confusum is a positive indication of viability. Maki and Yanagisawa (1987)
suggest that the infectivity of eggs decreases after 17 hours exposure to air. In contrast,
(Pawlowski, 1984) reports a survival of eggs in the environment up to 10 days.
Kennedy (1983) suggests that eggs of H. diminuta can survive and remain infective in
rat faeces for up to 60 days when conditions are optimal. The human samples collected
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in the present survey were always sealed in collection pots, usually immediately, but
always within a few hours of collection and stored on ice or refrigerated at 4 ˚C, thus
decreasing the risk of long periods of exposure to air, humidity and high temperatures.
Moreover, eggs from the Japanese reference isolate of up to 70 days of age yielded adult
worms when inoculated into mice, suggesting that the eggs remain viable for long
periods if storage conditions are appropriate. In this study, oral inoculation of eggs into
mice and beetles and the direct feeding of faeces (beetles only) was carried out using
human faecal samples that ranged in age from 1 hour (beetles only) to 6, 8, 9, 10, 12,
15, 21, 23, 24, 28, 65 and 72 days old (mice and beetles), yet in all but one sample
cysticercoids did not develop in the beetles, nor did adult worms develop in any rodent
host, regardless of their immune status.

The use of NaCl to concentrate H. nana eggs has been criticised by some researchers.
Yan and Norman (1995) argue that the infectivity of eggs decreases when NaCl is used
in the extraction procedure and Ferretti et al. (1980) believes that NaCl destroys the
eggs. In contrast, Thompson (1972) repeatedly succeeded in infecting Albino mice with
H. nana eggs obtained by NaCl flotation.

Other researchers routinely use NaCl

extraction procedures for obtaining H. nana eggs for testing in mice (Professor
Fuminori Nakamura, pers. comm.). Hurd and Burns (1994) used a combination of
saturated NaCl and sucrose techniques to process samples of H. diminuta and
successfully infected laboratory rats subsequent to these extraction techniques. This
would suggest that even the combination of techniques with the potential to alter cell
osmosis does not necessarily destroy Hymenolepis eggs. Furthermore, in this study the
only sample which resulted in cysticercoid infections in beetles was extracted using
saturated NaCl flotation.
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To test the hypothesis proposed by Ferretti et al. (1980) that stomach tubing is a highly
‘unnatural’ method for in vivo hatching of eggs, which results in very low rates of
infectivity, ad libitum feeding of eggs on pieces of bread was tested in this study, a
method not dissimilar to Ferretti et al. (1980) who used normal mouse food instead. In
the current study, this method did not result in the development of adult worms in mice.

Berntzen and Voge (1962) first suggested that the preparation of “shell-free” H. nana
eggs increases their infectivity. This is supported by Ito (1977) who has routinely used
this method for many years (Dr. Akira Ito, pers. comm). In this study the egg shells
were removed mechanically and chemically using the methods outlined by these
researchers with some modification (see Point 3, Section 1.1.5).

Microscopical

examination of aliquots of eggs treated in this manner revealed many H. nana eggs with
hatched oncospheres.

When inoculated into mice or fed to beetles, however, no

development to cysticercoid stage or adult worm occurred.

The numbers of cysticercoids inoculated into mice in the current study was consistent
with other researchers. Kumazawa (1992) used 1 or 5 cysticercoids and Lucas et al.
(1980) reported successful infection of mice using 5 cysticercoids. Ito et al. (1988b)
used inoculations of 20 cysticercoids with success. There is evidence to suggest that the
inoculation of 1-20 cysticercoids of Hymenolepis diminuta in rat hosts achieves a
greater percentage of adult worm recovery rate than inoculation of 40-200 (Smyth and
McManus, 1989). This may be accounted for by the ‘crowding effect’, where the
growth rate of the parasite is influenced by the density or ‘worm load’ (reviewed by
Kennedy, 1983).
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This crowding effect has also been documented for numerous cestodes, including
H. nana (Ghazal and Avery, 1974), suggesting that the inoculation of large numbers of
cysticercoids does not increase the likelihood of infection. Indeed, it appears to have a
detrimental effect. Furthermore, in the present study the consistent development of
cysticercoids, obtained from the Japanese control isolate, into adult worms when
inoculated into laboratory rodents indicated that the storage of cysticercoids in PBS
prior to inoculation did not adversely affect the viability of the cysticercoids obtained
from one human isolate. This is consistent with the methods outlined by Nakamura and
Okamoto (1993) who also stored cysticercoids in physiological saline prior to oral
inoculation.

There is evidence to suggest that the growth and maturation of Hymenolepis spp. may
be influenced by factors such as host strain, host diet and the presence of other helminth
species (Bennet, et al., 1993). In this study, attempts to overcome these potential
obstacles were made by the selection of several different specific pathogen free (SPF)
types of mice and rats. The choice of SPF type was based on previous research that had
proved them to be suitable hosts for experimental infection of H. nana. For example,
Ito et al. (1988b) conducted an extensive study in which seven inbred strains and two
nude strains of mice were used for infection with beetle-derived cysticercoids. In their
study, the most susceptible strain was the A/J mouse, followed closely by CBA/CAH
and BALB/c. The reported role of macrophages in immunity to H. nana infections
(Asano, et al., 1992) strongly supports the use of the macrophage deficient A/J mice as
a model for H. nana infections in vivo. In this study, however, the use of these highly
susceptible mice, even when further immunosuppressed with cortisone, did not result in
the development of eggs to adult worms.

Lucas et al. (1980) also conducted

experiments in which both thymus deficient and steroid treated mice resulted in massive
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infections, including dissemination to other organs. The use of hypothymic rodent hosts
in the current study did not result in the development of eggs to either cysticercoid or
adult worm stages in vivo.

The lack of development of 23 of the 24 human samples of H. nana eggs tested in
Tribolium confusum beetles to cysticercoid stage is unlikely to be due to factors
associated with the strain of beetle used in this study, such as a variability in the
genetics of the beetle host, their sex and/or nutritional status. Yan and Norman (1995)
found that there was a significant variation in susceptibility to H. diminuta between
Tribolium confusum and T. castaneum as well as a significant among-strain and
between-sex variation.

Similarly, Pappas et al. (1995) reports that male beetles

contained significantly greater numbers of cysticercoids than female beetles. The sex of
the beetles used in this study was not determined, however, T. confusum is routinely
used in the Murdoch University laboratory for the maintenance of H. diminuta and was,
therefore, considered likely to be genetically susceptible to infection with H. nana. In
experiments conducted with H. nana, beetles were routinely starved for 6 days, as
proposed by Nakamura and Okamoto (1993), suggesting that the failure to demonstrate
infection with H. nana in beetles in this study was not due to insufficient starvation
times.

The failure to infect mice, rats and hamsters with 51 human isolates of eggs of H. nana
provides preliminary supportive evidence towards the hypothesis that a human ‘subspecies/variant/strain’ of H. nana may exist in Australia. In addition, as 23 out of 24
human samples of H. nana cross-tested in T. confusum beetles failed to develop into
cysticercoid stages one can speculate that these intermediate hosts may be playing a
much reduced role in the transmission of this parasite. The failure of the cysticercoids
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obtained from the one human sample, discussed above, to develop into adult stages
when inoculated into laboratory mice, combined with the failure to infect laboratory
mice with eggs from the remaining 50 human isolates, remains highly supportive of the
hypothesis. Thus, despite the uncertainties of the role of the intermediate host in the
transmission of this parasite, there is biological evidence from this study that host
adaptation of human isolates of H. nana in mammalian hosts may be occurring in
Australian communities.

As discussed in Chapter 1, the eggs from isolates of H. nana infecting humans and
rodents are morphologically identical.

Therefore, the only way they may be

distinguished is by comparing the parasite in each host using molecular criteria. The
molecular characterisation of H. nana from human and rodent hosts was expected to
help answer fundamental questions about the extent of genetic variability between
isolates infecting each host.

The most appropriate regions of DNA for genetic

characterisation of closely related species, the ribosomal and mitochondrial genes, and
the reasons for choosing them, were reviewed in detail in Chapter 1. The molecular
characterisation of nuclear and mitochondrial loci of Hymenolepis spp. from rodent and
human hosts is outlined in Chapters 4, 6, 7 and 8.
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4. SEQUENCING THE RIBOSOMAL DNA UNIT (18S TO 28S) IN
HYMENOLEPIS SPECIES.
4.1.

Introduction

In order to achieve the aims of this study, listed at the end of Chapter 1, it was first
necessary to generate sequence data of ribosomal DNA for Hymenolepis spp. At the
commencement of this study there was limited molecular data available for
Hymenolepis spp. in both the literature and the sequence databases. In one study,
126 bp of the 5’ terminal region of the 28S rDNA unit of Hymenolepis diminuta was
sequenced (Qu, et al., 1986) and was available in the GenBank™ database
(http://www.ncbi.nlm.nih.gov). Given its evolutionarily conserved nature, the region of
the 28S gene sequenced by these authors was considered potentially useful for the
design of a reverse oligonucleotide primer that would enable the amplification of the
entire rDNA unit of other Hymenolepis spp., such as H. nana, for the current study. As
this was the extent of the available molecular data for Hymenolepis spp. at the time, it
was necessary to use other, closely related species for the design of a forward
oligonucleotide primer. This has proven a successful strategy for numerous researchers
(McManus and Bowles, 1996).

Other cestode and trematode species from the platyhelminth phylum were believed to be
potential candidates for the design of primers that would also amplify this same region
in Hymenolepis as they are relatively closely related to the hymenolepidids. Sequence
information for the 18S rDNA region of Echinococcus granulosus and several
Schistosoma spp. were available in the GenBank™ database, an added advantage for
this study.
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Initially, a small region of the 18S gene was evaluated as a region of DNA that could be
used for genetic characterisation of isolates of H. nana from different hosts. Other
researchers have documented the successful use of the 18S gene for differentiation
between closely related parasites. For example, Morgan et al. (1997) was able to
differentiate between human and animal isolates of Cryptosporidium parvum using a
298 bp region of the 18S rDNA gene. Isolates of Giardia duodenalis, obtained from
human and animal hosts, were differentiated on the basis of sequencing of a 183 bp
fragment of the 18S gene (Weiss, et al., 1992). Similarly, Hopkins et al. (1997b)
demonstrated that isolates of Giardia from dogs could be differentiated from human
isolates using a 292 bp fragment of the 18S. Accurate diagnosis of Leishmania species
was proven possible using an 800 bp product in the 18S (van Eys, et al., 1992). Other
protozoans, such as Entamoeba histolytica and E. dispar display sequence differences in
a 420 bp region of the 18S that can be used to differentiate between them for diagnostic
purposes (Novati, et al., 1996).

In order to identify the conserved coding regions, such as the 18S, and the moderately
conserved spacer regions of the rDNA unit, it was essential to sequence the rDNA unit
of both Hymenolepis nana and H. diminuta. Thus, when the sequences of two closely
related organisms were aligned, a higher degree of sequence conservation was expected
in the coding regions (18S, 5.8S and 28S), whilst the internal transcribed spacer regions
could be identified on the basis of sequence variability between two species.
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4.2.

Materials and Methods

4.2.1.

Source and Collection of Parasite Material

Laboratory reference isolates of H. nana and H. diminuta (adult worms) were obtained
according to the methods outlined in Section 2.1.1.

4.2.2.

Purification of Total DNA From Adult Worms

Total DNA was purified from adult worms of H. nana and H. diminuta, using a QIAmp
tissue purification kit (Qiagen, Hilden, Germany) with some modifications. Briefly,
25 mg of worm tissue was homogenised in 170 µl of ATL buffer (Qiagen). 10 µl of
Proteinase K (20 mg/ml) (Astral Scientific, NSW, Australia) was added to the mixture
and incubated for 1-2 hours at 56 ˚C. The sample was then boiled for 5 mins to
deactivate the Proteinase K and centrifuged at full speed for 30 secs in a
microcentrifuge. The supernatant was transferred to a tube containing 180 µl AL buffer
(Qiagen) and 10 µl glass milk (BioRad, California, USA), a modification to the QIAmp
method developed by Morgan (1998a) and incubated for 10 mins at 72 ˚C. The sample
was centrifuged for 1 min at full speed and the supernatant was discarded. The pellet
was washed once with 700 µl AW buffer (Qiagen) and centrifuged for 1 min at full
speed. The wash buffer was discarded and the pellet was dried carefully under vacuum.
DNA was eluted in 300µl of TE buffer (10 mM Tris-HCl; pH 7.5, 0.1 mM EDTA,
pH 8.0) by incubating at 72 ˚C for 5 mins. The sample was briefly centrifuged then the
supernatant was transferred to a sterile ‘O’ ring microfuge tube (Quantum, Australia)
and stored at –20 ˚C.
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4.2.3.

18S Primer Design, PCR Amplification and Sequencing of a Small 18S
Gene Product (369 bp)

A moderately conserved forward primer, located approximately 320 bp downstream of
the 5’ end of the 18S, was designed using available sequences of E. granulosus
(GenBank™ accession number U27015), Schistosoma haematobium and S. spindale
(GenBank™ accession numbers Z11976 and Z11979 respectively).

A conserved

reverse primer was designed using the same 18S sequences. The forward and reverse
primers, designated 18SiF and 18SiR respectively (Table 4.1), were designed to amplify
a 369 bp fragment in the 18S of both H. nana and H. diminuta. Primers were designed
using Amplify 2.1 (Bill Engels, University of Wisconsin) and oligonucleotides were
synthesised by GIBCO BRL (Gaithersburg, MD, USA). DNA was amplified in a 25 µl
reaction volume as outlined in Section 2.3 using the primers 18SiF and 18SiR. Samples
were heated to 94 ˚C for 2 mins, 54 ˚C for 2 mins, 60 ˚C for 1 min, followed by
35 cycles of 94 ˚C for 20 secs, 54 ˚C for 10 secs, 60 ˚C for 30 secs and 1 cycle of 60 ˚C
for 7 mins.

PCR products were purified and sequenced according to the method

outlined in Section 2.3.

Sequences were aligned using the Clustal X sequence

alignment program (Thompson, et al., 1997).

rDNA Primer

Primer Length

Sequence

18SiF

20 mer

5’ GGATAATTGTTACWGATCGC 3’

18SiR

20 mer

5’ GCAGCAACTTTAATATACGC 3’

18S+F

23 mer

5’ GRGCGGAYGGCAYSTTTACTTTG 3’

28SR

21 mer

5’ GATATGCTTAAGTTCAGCGGG 3’

ITSF1

20 mer

5’ CTGCGGCCTTAATTTGACTC 3’

ITSR1

21 mer

5’ CGGTTAATGAACTGCAGCAGC 3’

ITSF2

18 mer

5’ GCGCTGATCACGTCCTGC 3’

ITSR2

18 mer

5’ TGCTTATTACGCGCAGTG 3’

Table 4.1 Primers Used to Amplify and Sequence the PCR Fragments Generated From the 18S (369
bp) and the Entire rDNA Unit (2.5 (H. nana) –2.6 kb (H. diminuta)). Where R=G or A, Y=T or C, S=
G or C (IUPAC codes).
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4.2.4.

Primer Design, PCR Amplification and Sequencing of Entire rDNA Unit
(18S – 28S)

A degenerate forward primer, located approximately 450 bases downstream of the
18SiR primer, was designed using the available small subunit sequence information for
Echinococcus and Schistosoma spp. (GenBank™ accession numbers as in Section
4.2.3). A conserved reverse primer, located at the 5’ end of the 28S, was designed using
available sequence information for H. diminuta (GenBank™ accession number
K03537). The size of the rDNA unit for both H. nana and H. diminuta was not known
prior to this study but was reasonably expected to resemble the size of the rDNA unit of
the closely related cestode E. granulosis. Thus the primers, designated 18S+F forward
and 28SR reverse (Table 4.1), were expected to amplify a large PCR product of
approximately 2.5 kb, based on the size of the rDNA unit in other cestodes. DNA was
amplified in 25 µl reactions according to Section 2.3. Samples were heated to 94 ˚C for
2 mins, 58 ˚C for 2 mins, 60 ˚C for 4 mins, followed by 35 cycles of 94 ˚C for 30 secs,
58 ˚C for 1 min, 60 ˚C for 2.5 mins and 1 cycle of 60 ˚ for 7 mins. 0.5 units of Taq
Extender (Stratagene, USA) was added to the PCR mix as this significantly improved
amplification.

PCR products were purified and sequenced in both directions with

18S+F and 28SR primers according to the methods outlined in Sections 2.3 and 2.4.

The remainder of the large PCR product was sequenced using the principles of ‘DNA
walking’ whereby new primer pairs (forward and reverse) are designed from the
sequence obtained from the previous set of primers. Briefly, based on the sequence
information generated from the first pair of primers, described above, a second pair of
primers, designated ITSF1 forward and ITSR1 reverse (Table 4.1), were designed to
sequence further into the PCR product. Direct sequencing of the initial PCR product
using ITSF1 and ITSR1 yielded poor results, therefore PCR products were amplified
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and cloned according to the method outlined in Sections 2.5 and 2.6. At least three
positive clones were sequenced in both directions using ITSF1 and ITSR1.

The

sequence information generated from these primers enabled the design of a third set of
primers designated ITSF2 forward and ITSR2 reverse (Table 4.1), which were used to
complete the sequencing of the 2.5 - 2.6 kb rDNA unit.

4.3.

Results

4.3.1.

Sequence Analysis of the Small 18S Product (369 bp)

The sequences of the 369 bp product amplified for H. nana and H. diminuta were
aligned and were found to be identical for 366 of the 369 bases sequenced (Figure 4.1).
Due to the high sequence conservation between the two species it was considered highly
unlikely, therefore, that this region of the 18S gene could be used to distinguish between
isolates of H. nana from different hosts. For this reason, a decision was made to

H.nana
H.diminuta

GGATAATTGTTACTGATCGCAGTCGGCTTTACGTCGGCGACGGGTCCTTCAAATGTCTGC 60
GGATAATTGTTACTGATCGCAGTCGGCTTTATGTCGGCGACGGGTCCTTCAAATGTCTGC
******************************* ****************************

H.nana
H.diminuta

CCTATCAACTTTCGATGGTAGGTGACCTGCCTACCATGGTGATAACGGGTAACGGGGAAT 120
CCTATCAACTTTCGATGGTAGGTGACCTGCCTACCATGGTGATAACGGGTAACGGGGAAT
************************************************************

H.nana
H.diminuta

CAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACTTCCAAGGGAGGCAGCA 180
CAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACTTCCAAGGGAGGCAGCA
************************************************************

H.nana
H.diminuta

GGCGCGCAAATTACCCACTCCCGGTACGGGGAGGTGGTGACGAAAAATACCGATGCGGGA 240
GGCGCGCAAATTACCCACTCCCGGTACGGGGAGGTGGTGACGAAAAATACCGATGCGGGA
************************************************************

H.nana
H.diminuta

CTCATTTACGAGGCTCCGTAATCGGAATGAGTGGACTCTAAATCCTTTCACGAGGATCAA 300
CTCATCAACGAGGCTCCGTAATCGGAATGAGTGGACTCTAAATCCTTTCACGAGGATCAA
***** *****************************************************

H.nana
H.diminuta

TTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAACTCCAGCTCCAATAGCGTATATTAA 360
TTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAACTCCAGCTCCAATAGCGTATATTAA
************************************************************

H.nana
H.diminuta

AGTTGCTGC 369
AGTTGCTGC
*********

Figure 4.1 Sequence Alignment of 369 bp PCR Fragment of 18S Ribosomal Gene (amplified with
18SiF and 18SiR primers) of H. nana and H. diminuta.
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sequence the entire rDNA unit, incorporating the remainder of the 18S as well as the
internal transcribed spacers 1 and 2, the 5.8S and a small portion of the 28S (5’ region
only).

4.3.2.

Sequence Analysis of the Entire rDNA Unit (18S – 28S)

A large PCR fragment of approximately 2.5 kb and 2.6 kb was obtained from H. nana
and H. diminuta, respectively, using the primers 18S+F and 28SRe (PCR results not
shown). Subsequent sequence analysis of these PCR fragments revealed unambiguous
sequences of 2474 bp (H. nana) and 2636 bp (H. diminuta).

Comparison of the

sequences between the two hymenolepidids revealed the PCR fragments encompassed
1223 bp of the 18S, 217 bp of the 5.8S, 571 bp of the internal transcribed spacer 1
(ITS1) and 463 bp of the ITS2 in H. nana (Figures 4.2a, 4.2b and 4.2c - Chapter
Appendix). The 5’ region of the 28S region was not identifiable in H. nana as the
readable sequence finished just prior to the 3’ end of the ITS2.

Similarly for H. diminuta, the PCR fragment encompassed 1220 bp of the 18S, 217 bp
of the 5.8S and 12 bp of the 28S. The internal transcribed spacers 1 (ITS1) and ITS2
were 679 bp and 518 bp respectively (Figures 4.2a, b and 4.2c - Chapter Appendix).
The identification of 12 bp of the 5’ end of the 28S in H. diminuta was based on
sequence information available for this region, deposited in the database by Qu et al.
(1986).

4.3.3.

Intra- and Inter-Individual Variation

Over the rDNA unit six sequence polymorphisms (2 bases at one position) were
identified within H. nana (of 2474 bp) and seven polymorphisms within H. diminuta (of
2636bp) (Table 4.2 and Figure 4.2c - Chapter Appendix). At the genus level, 65
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nucleotide differences were detected between the two taxonomically distinct species, H.
nana and H. diminuta, across the 1220 bp of the 18S gene (Figure 4.2c – Chapter
Appendix).

(a)

18S

18S+F

ITSF1

ITS1

ITSF2

5.8S

ITSR2

ITS2

ITSR1

28S

28SR

369 bp

217 bp

1223 bp

(b)

1.1.1.
571 bp

463 bp

212 bp

1220 bp

12 bp

H. diminuta
679 bp

518 bp

Figure 4.2 (a) Primer Walking Strategy Used for Sequencing the Entire Ribosomal DNA Unit in
Hymenolepis nana and H. diminuta (b) Schematic Representation of the Amplified Products From
the Ribosomal Coding Genes and the First and Second Internal Transcribed Spacers of H. nana
and H. diminuta (for actual sequences, see Figure 4.2c – Chapter Appendix).

Polymorphism

Position

Species

V (G, C and A)

349,

H. nana

S (G and C)

847, 1005

H. nana

Y (C and T)

1340

H. nana

R (G and A)

558, 1845

H. nana

W (A and G)

349

H. diminuta

Y (C and T)

1476, 2008, 2136

H. diminuta

R (G and A)

1554, 1556, 1657

H. diminuta

Table 4.2 Sequence Polymorphisms Between Clones in the rDNA Unit of H. nana and H. diminuta
(IUPAC codes (V, S, Y, R, W) used).
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4.4.

Discussion

Evaluation of a 369 bp region of the 18S gene between Hymenolepis nana and
H. diminuta revealed the region to be highly conserved between the two taxonomically
distinct species.

Whilst the sequence conservation was high in the small region

sequenced (369 bp), it was unknown if the remainder of the 18S would be similarly
conserved. For this reason, the remainder of the 18S was also sequenced to determine if
it would be more phylogenetically informative than the small 369 bp region. The
sequence conservation between H. nana and H. diminuta remained high, however,
across the entire 1220 bp of the 18S gene sequenced downstream of 18S+F primer. The
sensitivity of this region of DNA for the differentiation between isolates within H. nana
was, therefore, considered quite poor. No further isolates of H. nana, other than the
reference isolate, were characterised across the 18S region.

The identification of high sequence conservation in the 18S gene highlighted the need to
find a region of ribosomal DNA that would be useful for the characterisation of H. nana
isolates. The aim was, therefore, to identify a more variable region of rDNA than the
18S, such as the internal transcribed spacer (ITS) regions that could be used for
molecular characterisation of mouse and human isolates of H. nana in further studies.

The successful sequencing of the rDNA unit of H. nana and H. diminuta, achieved in
this study, enabled the identification of the 18S gene, as well as the internal transcribed
spacers of both species and the elucidation of their size. Importantly the sequences of
the conserved regions flanking the more variable spacer regions were identified and
thus, could be used for further primer design for amplification of smaller PCR products
encompassing these regions. The identification of the ITS1, as well as the flanking
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sequences of H. nana, provided essential sequence data necessary to achieve the aims of
this study, outlined in detail at the end of Chapter 1. Importantly, the ITS1 was believed
to represent the most useful region of ribosomal DNA for characterisation of isolates of
H. nana from different hosts in this study (see Chapter 6).

Following completion of the sequencing of the rDNA unit for both H. nana and
H. diminuta in this study, sequence data for the ITS2 was published by others for the
same species (Okamoto, et al., 1997). However, the sequence of the ITS1, 18S and
5.8S were not determined by these researchers. To our knowledge, therefore, this is the
first time molecular data of this extent has been generated for the hymenolepidids,
H. nana and H. diminuta.
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4.5.

Appendix
18S

H. nana
H. diminuta

ATGTCGCCTGAAAAGTTTTGCATGGAATAATGGAATAGGACTTCGGTTCTATTTCGTTGG 60
ATGTTGCCTGAAAACTTTTGCATGGAATAATGGAATAGGACTTCGGTTCTATTTCGTTGG
**** ********* *********************************************

H. nana
H. diminuta

TTTTCGGATCCGAAGTAATGATCAAAAGAGACAGGCGGGGACGTTTGTATGGCTGCGCTA 120
TTTTCGGATCCGAAGTAATGATCAAAAGAGACAGGCGGGGACGTTTGTATGGCTGCGCTA
************************************************************

H. nana
H. diminuta

GAGGTGAAATTCATGGACCGTAGCCAGACAAACTAAAGCGAAAGCATTCGTCAAGCATGT 180
GAGGTGAAATTCATGGACCGTAGCCAGACAAACTAAAGCGAAAGCATTCGTCAAGCATGT
************************************************************

H. nana
H. diminuta

TTTCATTGGCCATGAGCGAAAGTCAGAGGCTCGAAGACGATCAGATACCGTCCTAGTTCT 240
TTTCATTGGCCATGAGCGAAAGTCAGAGGCTCGAAGACGATCAGATACCGTCCTAGTTCT
************************************************************

H. nana
H. diminuta

GACCATAAACGATGCCAACTGACGATCCGTGGCGGTAGTTTCTAAACCTTCCCCACGGGC 300
GACCATAAACGATGCCAACTGACGATCCGTGGCGGTAGTCTTCAAACCTTCCCCACGGGC
*************************************** * *****************
349
AGTCCCCGGGAAACCTTTAAGTCTTTGGGTTCCGGGGGAAGTATGGTTGCvAAGCTGAAA 360
AGTCCCCGGGAAACCTTTAAGTCTTTGGGTTCCGGGGGAAGTATGGTTGCwAAGCTGAAA
************************************************************

H. nana
H. diminuta

H. nana
H. diminuta

CTTAAAGGAATTGAGGGAAGGGCACCACCCGGAGTGGAGCCTGCGGCCTTAATTTGACTC 420
CTTAAAGGAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCCTTAATTTGACTC
************** ************** ******************************

H. nana
H. diminuta

AACACGGGAAAACTCACCCGGGCCGGACACTGTGAGGATTGACAGATTGATAGCTCTTTC 480
AACACGGGAAAACTCACCCGGGCCGGACACTATGAGGATTGACAGATTGATAGCTCTTTC
******************************* ****************************

H. nana
H. diminuta

TTGATTTGGTGGTTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGCGATTTGTCTGGTTA 540
TTGATTTGGTGGTTGGTGGTGCATGGCCGTTCTTAGTTGGTGGAGCGATTTGTCTGGTTA
************************************************************
558
ATTCCGATAACGAACGArACTCCAGCCTGCTAATTAGTGCATTTGTCCACTGCACCAGCC 600
ATTCCGATAACGAACGAGACTCCAGCCTGCTAATTAGTGCATTTGTCCACTGCACCAGCC
************************************************************

H. nana
H. diminuta

H. nana
H. diminuta

GAGCGGCGCAGTGTCAACTGCTCTGGCTCAGTGCAGGAACCGGCGCGTTTGTGCATCCTG 660
GAGCGGCGCAGTGTCAACTGCTTGGGTTCAGTGTGGGATTCAGTGCGTTCGTGCAGTCTA
********************** ** ****** *** * * ***** ***** **

H. nana
H. diminuta

CGTGGTCGCACTGCCTCGTGTGGTGTGGCTGTGTGGGGCTATGCGCGGCGTGTTAGGCCT 720
CATAGGTGAGGCTGTTCTGCAGTTTCACTTGTGTATGGCTGTAC--GGCGTATTTGGCCC
* * * *
**
* *
***** **** * * ***** ** ****

H. nana
H. diminuta

GCATGTTGTGCCTGGGGCGGATGGCACCACGTTAGCTAGCAGGTGCGGCGCGAATGCTTA 780
GCATGATGTACTCGGG-TGGATGGCACCACGTTAGCTAGCAGGTGCGGCGCGAATGCTTA
***** *** * *** ******************************************
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H. nana
H. diminuta

H. nana
H. diminuta

H. nana
H. diminuta

H. nana
H. diminuta

CTTCTTAGAGGGACACGCGGGAGAAGCCGCACGAAATAGAGCAATAACAGGTCTGTGATG 840
CTTCTTAGAGGGACACGCGGGAGAATCCGCACGAAATAGAGCAATAACAGGTCTGTGATG
************************* **********************************
847
CCCTTAsATGTCCGGGGCCGCACGCGCGCTACAATGGCGGTGTCAACGAGTCAGACCTTC 900
CCCTTAGATGTCCGGGGCCGCACGCGCGCTACAATGGCGGTGTCAACGAGTTAGACCTTC
*************************************************** ********
TGGCCTGAAAAGGTTGGGCAAACTGGTCAATCACCGTCATGACAGGGATCGGGGCTTGGA 960
TGGCCTGAAAAGGTTGGGTAAACTGGTCAATCACCGTCATGACAGGGATCGGGGCTTGGA
****************** *****************************************
1005
ATTGTTCCCCGTGAACGAGGAATTCCTAGTAAGTGCAAGTCATAAsCTTGCGCTGATTAC 1020
ATTGTTCCCCGTGAACGAGGAATTCCTAGTAAGTGCAAGTCATAAGCTTGCGCTGATTAC
************************************************************

H. nana
H. diminuta

GTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGTTTAGTAAGGTC 1080
GTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAATGGTTTAGTAAGGTC
************************************************************

H. nana
H. diminuta

CTTGGATTGGTGCCATTTAGGTTCCGCCGAAAGGTGCGTATCTAGCCGGCGCCGAGAAGA 1140
CTTGGATTGGCGCCATTTAGGTGCCGCCGAAAGGTGCGTACCTAGCCGGTGCTGAGAAGA
********** *********** ***************** ******** ** *******

H. nana
H. diminuta

CGACCAAACTTGATCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACC 1200
CGACCAAACTTGATCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCCGTAGGTGAACC
************************************************************
18S
ITS1

H. nana
H. diminuta

TGCGGAAGGATCATTACACGTTCCAA------TACACACA----------------AGCT 1260
TGCGGAAGGATCATTACACGTTCTAAATATATTATATATATACGCTACTGCTAGTGAGTT
*********************** **
** * * *
** *

H. nana
H. diminuta

GGCACACATTCTTCTAT--------GTGTCCTGCTTCTACTGCTGCTGCTTCTGCTGCTG 1320
GATGAGCAATCATCAGCCGCTGGTAGTATGCTGAATCTA-TACTCTAATATCTCCTACCT
*
** ** **
** * *** **** * **
*** ** *
1340
TCGGTGAGTGGACGAGCAAyCGTTCCCCGCCGCTGGTGGTGGTGGTATGCTGAATCGTAT 1380
TCGGTGGGGTGCCTAGTCTACCTAATACCTCAGTGGTA-TGCTCGTGTGTTTGTTGTTGT
****** * * * **
* *
* * **** ** * ** ** *
* * *

H. nana
H. diminuta

H. nana
H. diminuta

H. nana
H. diminuta

H. nana
H. diminuta

H. nana
H. diminuta

TTACCCTACGATAATAACTACT-CTGCGGTGGGGTGCCTGGTCCAC—-CTAATACCCTAG 1440
TGTTGTTGTTGTTGTAGTAGCAGCAACAGCAGGCATGCCAGTCCATATCCGAGGCGGTAG
*
*
* **
* * * * **
* *****
* * * ***
1476
--TGGTG-ATATGCTCGCATCCG-----GCATGCTGGTCCATATCCCAGGAGGTGGAATA 1500
AATAGTGCATGTGCTTTTATTAACATACGAATGCAGyCGTGTGTGCACTGTGTGTTATCC
* *** ** ****
**
* **** *
* * *
* *
*
1554/1556
GTGCATGGGCT-GCAAGTCTCTCGCAGCCCAT-----GTGCGAG-------------GCA 1560
ATCCATATATTCATCTCTTTCTCTCTCTCCTTCTTCTGTGTGTGTATGTATGTrTrTGTG
* ***
*
* **** *
** *
*** * *
*
TAAGACGTTTGAATGGGGGCAACG---CTGGTGTGTGTGTGTGT-------GCGATGTCT 1620
CGAGAGAGAGAGAGAGAGGTGACGGAACGGGTGGATATGTATGCTGCAGTAACGTTGTTT
***
* * ** ***
* **** * *** **
** *** *
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H. nana
H. diminuta

1657
C-------CCTTGCGCGCCCCACTATGTGTCGAGTTTATACACTTATTACATTGTGTACC 1680
TATAAGGTCCATGTGCAAGGCATAAGACGTTTGGATrGCAGTCTT-TAGAGTTGCCTATC
** ** **
** *
**
* *
* *** *
*** ** *

H. nana
H. diminuta

AAAT---TGATGATGAGTAGACGTGTGCGCCTCTGGCTTACCGTTTACTGCCTCGTCATA 1740
TTACGCCCCACTATGCGTCGAGTTATATATTACAACCGTTCAAATAGATGTGCAGACATG
*
* *** ** ** * *
*
* * *
*
**
* ***

H. nana
H. diminuta

T--CGAAACAT-GCTGTCAGTTGC--------------TGCTGCTCACCAAGCG-GTGGC 1800
CGCCGCAAGGTTGCTGTTTGTTGCATCGTATCGAAGCATGCTGTTTGCTACTCATGCAGT
** ** * ***** *****
***** * * * * * *
1845
-GCTTTCATGCATGCGGTGCACGCGCAATACTTGTATTGTGTGTGrGCCTACAATATACT 1860
AGCTCTCATGCATGGGGCGCATTCACAATACTTGTATTGTGTGTGAGCCTATAAAATACT
*** ********* ** *** * ************************** ** *****
ITS1
5.8S

H. nana
H. diminuta

H. nana
H. diminuta

ACCA-------TGCGCTGC---TATAAGCGTG—-TGTGTGTATGCAAAGAACTGTATGCG 1920
ACTACCGCAACTAGGCTGTACGTATAGTTGTGGATGTATGTATATAAAGAACTGTATGCG
** *
* ****
****
*** *** ***** ***************

H. nana
H. diminuta

GTGGATCACTCGGCTCGTGGATCGATGAAGAGTGCAGCCAACTGTGTGAATTAATGTGAA 1980
GTGGATCACTCGGCTCGTGGATCGATGAAGAGTGCAGCCAACTGTGTGAATTAATGTGAA
************************************************************
2008
TCGCAGACTGCTTTGAACATCGATATCTTGAACGCATATTGCGGCCATGGGCTTGCCTAT 2040
TCGCAGACTGCTTTGAACATCGATACCyTGAACGCATATTGCGGCCATAGGCTTGCCTAT
************************* ********************** ***********

H. nana
H. diminuta

H. nana
H. diminuta

GGCCACGTCTGTCTGAGCGTCGGCTTATAAACTATCACTGCGCGTAATAAGCAGTGGCTT 2100
GGCCACGTCTGTCTGAGCGTCGGCTTATAAACTATCACTGCGCGTAATAAGCAGTGGCTT
************************************************************
5.8S

ITS2

2136

H. nana
H. diminuta

GGGAGACTGCCATGATTGCAGTGGTCTGCGTGCGAGATTGTGTGTGTGTGTGCGTATATA 2160
GGGAGAGTGCCGTGATTGCAGTAGT-TATGTGTGTGyGTATATGTGTGT-TGCGTGCG-****** **** ********** ** * *** * * * * ******* *****

H. nana
H. diminuta

CGATACGCTGCTACTACTGCAATTGGGGCTTCTCTTCAAGGTGTGGCCACAGCCATGGCT 2220
-----CGCTACTACTGCTGCAGTTGGGGCTTCTCTTTAAGGTATTATCACAGCCATTGCC
**** ***** ***** ************** ***** *
********* **

H. nana
H. diminuta

ATTACCGATGGTGATAGCGATGCGTGTGGTACGGAGCTGGTGGTTGTGAGTGT---CAGT 2280
ATTGCCATTGCGAATGGTGATGCGTGTGATGCGGAGCTTGTGGTTGTGTGAGTAACCAGC
*** ** **
** * ********** * ******* ********* * **
***

H. nana
H. diminuta

CGCTATGCGCTAGCGCTCCTGC--CTTCCACTTATG----CGGTAGTGATGGGGCTGTGT 2340
TGTTATACGCCGGTACTGCTATTACTTTGATACATGGTTTCAACAGTGGTGAGATTTTGT
* *** *** * ** **
*** *
***
*
**** ** * * ***

H. nana
H. diminuta

GT----GTGTGTGTGCGTGTGCTTGTCCCCACCAAACACTAT--CCGCT------AGCGT 2400
ATTTATATATATGTGTGTGTGTGTGTGTGTGTGGACTACTGTTGCCGCTGTTGATATCGT
*
* * **** ***** ***
* *** * *****
* ***
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H. nana
H. diminuta

TG----AAGGAG--GTAGTGCATGAGTGCT-ATAGCTGCTGCAGTTCATTAACCGTGGCC 2460
TGTATCAGGGAGTGGTGGTATATGAGCGTTTATAGTTGCTGCAGTTCACTAACCGTGGCC
**
* **** ** ** ***** * * **** ************ ***********

H. nana
H. diminuta

TAGTGTATGAATGTA-------TGCTGCGAATTTGTGCGCATACAAGGCACGAGAAGTGA 2520
TAGTGTATGTGTGTACTCCTTATGTTACATATGTGTGTATATACAAGGCACGAGATGTGA
********* ****
** * * ** ****
*************** ****

H. nana
H. diminuta

ATTGCGGTGAATGCATGCTGATGCTTAATA-CAGCAGCCACGAGAGCCTAACTAACTAAC 2580
ATTGTGGTGGGTGAAGGCTGGTGCACAATAGTAGCAATCATAGAAGCCCAATATATGAGC
**** **** ** * **** *** **** **** **
**** **
* * *

H. nana
H. diminuta

TAAC----GATAAGCATAGGTCACATGTGCACACAATGCATGTAT--------------- 2640
AAGCATAGGTCACGCGTATACTATACTATATCACGATGATGATATAAATAGTATGTGTAT
* *
* * ** **
* *
*** ***
***
ITS2

H. nana
H. diminuta

28S•

--------------------GGAAGACCTGACCTCAGATCA

Figure 4.2 (c) Sequence Alignment of rDNA Unit of H. nana (2474 bp) and H. diminuta (2636 bp).
Where * = sequence homology between species; - = gap inserted for sequence alignment; putative
identification of coding and non-coding regions depicted with arrows above the aligned sequence; ∆ =
putative start of 5’ domain of 28S rDNA fragment (from information in Qu, et al., 1986).
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5. EVALUATION OF DNA EXTRACTION TECHNIQUES
5.1.

Introduction

Due to the presence of inhibitory substances, which may be problematic for PCR, the
extraction of DNA from faecal material presents a challenge to the researcher working
with such samples (Bretagne, et al., 1993; Monnier, et al., 1996; Mathis, et al., 1996).
In order to establish the most effective DNA extraction method from eggs of
Hymenolepis species in faecal samples, a number of different methods, including
several developed in the Murdoch University laboratory (Morgan, et al., 1997; Hopkins,
et al., 1997b; Morgan, et al., 1998a), were evaluated for use in this study. Although
some methods were developed for extraction of DNA from protozoan parasites, they
were considered worthy for trial on Hymenolepis because they were successful in
amplifying parasite DNA extracted from faecal samples.

In Chapter 4, a successful DNA extraction method was developed for hymenolepidid
adult worms, which enabled the initiation of sequencing of conserved and nonconserved regions of ribosomal DNA to commence this study. To achieve the aims of
this thesis, listed in full in Section 1.14 in Chapter 1, a reliable method was needed for
DNA extraction from Hymenolepis eggs in faecal samples, both human and mouse,
suitable for PCR amplification of nuclear and non-nuclear (mitochondrial) genomes.
The requirement for DNA of suitable quality for PCR amplification, that overcame
inhibitory compounds present in faecal samples, was critical to the success of the
molecular approaches chosen. Therefore, the aim of this study was to develop a method
for reproducible PCR amplification of DNA from Hymenolepis eggs in faeces.
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Genomic DNA extracted from cells may normally be visualised on an agarose gel,
however it is not always possible to observe the DNA when it is in very low
concentrations, a situation likely to occur when extracting DNA from parasite eggs. In
addition, DNA that was not damaged (‘sheared’) by the processes employed for
extraction was required for PCR amplification. Therefore, to evaluate the effectiveness
of each extraction technique tested in this study, PCR amplification of a small, 249 bp
fragment, was carried out.

Conserved primers were designed from the primary

sequence of the 18S rDNA gene of H. nana and H. diminuta, obtained when the entire
rDNA unit was sequenced in the previous chapter (Chapter 4).

5.2.

Materials and Methods

5.2.1.

Source and Collection of Parasite Material

Reference laboratory isolates of Hymenolepis nana and Hymenolepis diminuta adult
worms were obtained according to the methods outlined in Section 2.1.1. Mouse field
isolates of H. nana were obtained according to the methods outlined in Section 2.1.1.
Human faecal samples were obtained according to the methods outlined in Section
2.1.2. Mouse and human faecal samples were first diagnosed positive for Hymenolepis
spp. eggs by ZnSO4 flotation (Section 2.2) prior to DNA extraction. A summary of the
samples used in the evaluation of DNA extraction techniques are listed in Table 5.1.

Species
H. nana
H. diminuta
H. nana
H. nana

Number
of Samples
1
1
11
14

Host
Mouse
Rat
Mouse
Human

Sample
Type
Adult Worm*
Adult Worm*
Eggs in faeces
Eggs in faeces

Source
AI
MUPTR
GS
MUPS

Geographical
Location
Japan
Perth, Australia
Victoria, Australia
NW Western Australia

Table 5.1 Source of Parasite Material Used in DNA Extraction Pilot Study. Where * = Reference
isolates used for positive controls of PCR; AI = Dr. A. Ito, Gifu University, Japan; MUPTR = Murdoch
University Parasitology Teaching Resource; GS = Dr. G. Singleton, CSIRO, Australia; MUPS = Murdoch
University Parasitology Survey.
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5.2.2.

Extraction of DNA From Adult Worms (Positive Controls)

Total DNA was purified from adult worms of H. nana and H. diminuta according to the
method outlined in Section 4.2.2.

5.2.3.

Pre-Treatment of Human Faecal Samples Prior to DNA Extraction

To aid in the removal of large fibrous material and lipids from human faeces, the
samples were first treated using a phosphate buffered saline (PBS)/ether-sedimentation
method described by Lumb et al. (1988) and used routinely in the Murdoch University
laboratory (Morgan, 1995; Meloni and Thompson, 1996). A small plug of faeces was
emulsified in PBS then strained through a wire sieve to remove large fibrous material
using a wooden applicator stick. The sieved sample was centrifuged in a 10 ml
centrifuge tube for 10 mins at 500 x g

(IEC Centra-4R, International Equipment

Company, Dunstable, UK). The supernatant was discarded and the pellet resuspended
in 8 mls PBS, followed by the addition of 2 mls diethyl ether (Sigma, USA) and mixed
thoroughly by shaking. The sample was centrifuged for 3 mins at 900 x g resulting in
four layers: diethyl ether; a plug of debris; PBS and sediment.

The layer of debris at the interface between the ether and PBS was loosened by passing
a swab stick gently around the inner circumference of the tube and the top three layers
were then discarded. The pellet was resuspended in 10 mls PBS and centrifuged for
10 mins at 900 x g. This wash step was repeated three times to remove any traces of
ether. Usually the sample was resuspended in 2 mls of PBS and stored at 4 ˚C until
DNA extraction was carried out the following day.
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5.2.4.
5.2.4.1.

Extraction of Total DNA From Human Faeces
Method 1 (PVPP+ Glass Milk)

This method was developed by Morgan et al. (1998a) for extraction of Cryptosporidium
oocysts from human faecal samples and was evaluated, without modification, for
extraction of DNA from H. nana eggs in human faecal samples in this study. Briefly,
ether-sedimented faecal samples were diluted 1 in 4 in PBS and 20 µl of this suspension
was added to 80 µl of 10% polyvinylpolypyrrolidone (PVPP) (Sigma, St. Louis, USA)
in distilled H20 and boiled for 10 mins. This solution was centrifuged for 30 secs and
the supernatant was added to a tube containing 200 µl of AL buffer (Qiagen, Hilden,
Germany) and 10 µl of glass milk (BioRad, California, USA). The sample was mixed
thoroughly and incubated at 72 ˚C for 5 mins, then centrifuged for 1 min. The pellet
was washed twice with 700 µl of AW wash buffer (Qiagen) and then carefully dried
under vacuum. DNA was eluted in 50 µl of TE by incubating at 72 ˚C for 10 mins. The
sample was centrifuged at full speed for 1 min and the supernatant transferred to a
sterile O-ring microfuge tube and stored at –20 ˚C.

5.2.4.2.

Method 2 (Lysis Buffer + Proteinase K + Glass Milk)

This was a modification of Method 1, whereby the faecal sample was treated with a
lysis buffer and Proteinase K prior to extraction with glass milk and then evaluated on
human faecal samples. Briefly, ether-sedimented faecal samples were diluted 1 in 4 in
PBS, then 20 µl of this was added to a tube containing 75 µl of ATL buffer (Qiagen)
and 5 µl of Proteinase K (20 mg/ml), then incubated at 56 ˚C for approximately 2 hours.
The sample was heated to 100 ˚C to deactivate the Proteinase K, centrifuged for 30 secs
and the supernatant transferred to a tube containing 200 µl of AL buffer (Qiagen) and
10 µl of glass milk. From this step onwards the sample was treated in the same manner
described for Method 1.
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5.2.4.3.

Method 3 (N-Cetyl-N,N,N-trimethyl-ammoniumbromide (CTAB))

A modified CTAB (Merck, Darmstadt, Germany) extraction method, developed by
Hopkins et al. (1997b) for extraction of DNA from Giardia cysts and trophozoites, was
evaluated for the extraction of Hymenolepis eggs in human faecal samples in this study
although some further modifications were used here.

Briefly, 200 µl of ether-

sedimented faecal material was resuspended in TE buffer up to a total volume of 510 µl
and then mixed with 60 µl of sterile sodium dodecyl sulphate (SDS) lysis buffer (1%
SDS, 20 mM Tris-HCl, 20 mM EDTA, 50 mM NaCl, pH 7.5) and 15 µl of Proteinase K
(20 mg/ml). Samples were incubated at 56 °C for at least 2 hr with frequent mixing.
After lysis, tubes were mixed with 100 µl of 5 M NaCl and then 80 µl of a CTAB/NaCl
solution (10% CTAB/0.7 M NaCl) and incubated at 65 °C for 10 min. The CTABprotein/polysaccharide complexes were removed following extraction with an equal
volume of chloroform/isoamyl alcohol (24:1) and centrifugation for 5 min at 20 000 x g.

The aqueous phase was re-extracted once with phenol/chloroform/isoamyl alcohol
(25:24:1) (Sigma), once with chloroform/isoamyl alcohol (24:1) and then transferred to
a new tube where the DNA was precipitated by the addition of 0.7 by volume of 100%
isopropanol.

Tubes were left overnight at 4 ˚C before the DNA was pelleted by

centrifugation for 30 min at 20 000 x g, washed once in 70% ethanol and re-pelleted by
centrifugation for 5 min at 20 000 x g. DNA was resuspended finally in 300 µl of TE.
RNA was removed by adding 0.5 µl of RNAse (Boehringer Mannheim, USA) and
incubating at 37 °C for 1-2 hr.

5.2.4.4.

Method 4 (CTAB + ProCipitate™)

A modification of Method 3 was tested on human faecal samples in this study. Briefly,
Method 3 was followed up to, and including, the incubation step following the addition
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of 80 µl of CTAB/NaCl solution. An equal volume of ProCipitate™ (LigoChem Inc,
USA), a water insoluble non-hazardous alternative to phenol/chloroform, was added to
the sample and mixed gently for 5 min at room temperature. The samples were
centrifuged at full speed for 5 min. The supernatant was transferred to a new microgue
tube and further concentrated using 0.7 by volume of 100% isopropanol. The sample
was centrifuged at full speed for 30 mins, the pellet washed once with 70% ethanol and
centrifuged a further 5 mins, then the ethanol discarded. The pellet was carefully dried
under vacuum and the DNA eluted in 300 µl of TE buffer (pH 8.0).

5.2.4.5.

Method 5 (Chelex® + Phenol/Chloroform + NaAc)

A method first described by Walsh et al. (1991) and further modified by Reed et al.
(1997) and Paxinos et al. (1997) for extraction of DNA from fox and seal scat (faecal)
samples, using a chelating resin called Chelex® 100 (BioRad, California, USA), was
tested in this study. This resin has a high affinity for polyvalent metal ions and is
believed to prevent the degradation of DNA during boiling by chelating metal ions that
may act as catalysts in the breakdown of DNA at high temperatures (reviewed by
Walsh, et al., 1991). Some further modifications to the methods outlined by Reed et al.
(1997) and Paxinos et al. (1997) were used here. Briefly, 100 µl of ether-sedimented
faecal material was suspended in 250 µl 10% Chelex® 100 in TE buffer, boiled for
7 min and vortexed vigorously. Samples were boiled again for 7 min then centrifuged
at full speed for 5 min.

The supernatant was re-extracted once with

phenol/chloroform/isoamyl alcohol (25:24:1) and once with chloroform/isoamyl alcohol
(24:1). The supernatants were further concentrated by standard sodium acetate
(NaAc)/ethanol precipitation. Briefly, the supernatant was added to a tube containing
1/10 the supernatant volume of 3M NaAc and 2.5 by volume of 100% ethanol and
incubated at 4 ˚C for at least 1 hour. The sample was centrifuged at full speed for
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30 mins and the pellet washed once with 70% ethanol. The sample was centrifuged a
further 5 mins, then the ethanol discarded. The pellet was carefully dried under vacuum
and the DNA eluted in 300 µl of TE buffer (pH 8.0).

5.2.4.6.

Method 6 (Chelex® + ProCipitate™ + NaAc/EtOH)

A modification to Method 5 was also evaluated on human faecal samples. The steps
outlined in Method 5 were followed without modification up to, but not including, the
phenol/chloroform extraction stage. Instead, the supernatants were de-proteinised using
equal volumes of ProCipitate™ in the same manner outlined in Section 5.2.4.4 (Method
4). The supernatant was further concentrated using standard sodium acetate/ethanol
precipitation, then eluted in 300 µl of TE buffer (pH 8.0).

5.2.5.
5.2.5.1.

Extraction of Total DNA From Mouse Faeces
Method 7 (Lysis Buffer + Glass Milk)

DNA was purified from mouse faeces using a similar method described by Morgan et
al. (1998a) for extraction of DNA from Cryptosporidium oocysts in faecal samples.
Some further modifications were used here. Briefly a small plug of mouse faeces was
diluted 1:4 in PBS. 20µl of this diluted faeces was added to 170µl of ATL buffer
containing 10 µl of Proteinase K (20 mg/ml). The samples was incubated for 30 mins at
56 ˚C, then boiled for 5 mins to deactivate the Proteinase K.

The sample was

centrifuged at full speed for 30 secs and the supernatant was transferred to a tube
containing 180 µl AL buffer (Qiagen) and 10 µl glass milk (BioRad, California, USA)
and incubated for 10 mins at 72 ˚C. The sample was centrifuged for 1 min at full speed
and the supernatant was discarded. The pellet was washed twice with 700 µl AW buffer
(Qiagen), with a 1 min centrifugation at full speed in between. The pellet was dried and
the DNA eluted in 50 µl TE buffer by incubating at 72 ˚C for 5 mins. The sample was

Characterisation of Community-Derived Hymenolepis Infections in Australia

81

Chapter 5. Evaluation of DNA Extraction Techniques

briefly centrifuged, then the supernatant was transferred to a sterile ‘O’ ring microfuge
tube and stored at –20 ˚C.

5.2.6.

Design of PCR Primers

The effectiveness of the DNA extraction methods tested in this study were evaluated by
linking them to PCR amplification. The efficiency of the PCR reaction is expected to
increase if the size of the product is small, therefore the PCR primers designed to
amplify the rDNA unit (18S+F and 28SRe) in Chapter 4 were not considered suitable,
as the products amplified were greater than 1.5 kb. To overcome this, a conserved
forward primer, located approximately 640 bp downstream of the 18S+F primer (Figure
4.2, Chapter 4) was designed using the rDNA sequences of H. nana and H. diminuta
generated previously in this study (Chapter 4).
designed using the same sequences.

A conserved reverse primer was

The primers, designated 18SDF (5’

CACCAGCCGAGCGGCGCAG 3’) and 18SDR (5’ GCATCACAGACCTGTTATTG
3’) amplified a 249 bp fragment in the 18S gene of both H. nana and H. diminuta.
Primers were designed and manufactured according to Section 2.3.

5.2.7.

Specificity and Inhibition Testing of PCR Primers

The primers, 18SDF and 18SDR, were tested extensively for specificity by performing
PCR reactions under the same conditions using DNA extracted from Giardia
duodenalis, Echinococcus granulosus, Cryptosporidium parvum, Tritrichomonas foetus,
Serpulina pilosicoli, Escherichia coli, Staphylococcus aureus, human blood DNA and
normal human faeces. To identify negative results due to PCR inhibition, a second PCR
was performed under the same conditions, whereby 1 µl of H. nana DNA (M1 reference
isolate) was spiked into the tube containing all PCR components as well as the faecal
DNA under test.
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5.2.8.

PCR Amplification of 249 bp Fragment

DNA was amplified in a 25 µl reaction volume as outlined in Section 2.3 using the
primers 18SDF and 18SDR. Samples were heated to 94 ˚C for 2 mins, 65 ˚C for 2 mins,
72 ˚C for 1 min, followed by 45 cycles of 94 ˚C for 20 secs, 65 ˚C for 10 secs, 72 ˚C for
30 secs and 1 cycle of 72 ˚C for 7 mins.

5.3.
5.3.1.

Results
PCR Amplification of Hymenolepis DNA From Human Faeces

Amplification of a 249 bp product from H. nana from human faeces, using Methods 2
and 3, occurred with 62% and 43% respectively of the human samples tested (Table
5.2). Amplification of H. nana, using Methods 4 and 5, amplified 57% and 70% of the
human isolates respectively (Table 5.2). Amplification of H. nana DNA using Methods
6 and 7 also amplified a band of the expected size for 12 of the 14 human isolates,
representing an amplification rate of 86% (Table 5.2).

The substitution of

ProCipitate™ (Method 6) for phenol/chloroform extraction (Method 5), appeared to
have no effect on the rate of amplification of these samples.

5.3.2.

PCR Amplification of Hymenolepis DNA From Mouse Faeces

PCR amplification, using the primers 18SDF and 18SDR, yielded a 249 bp band in 10
of the 11 mouse isolates extracted from mouse faeces using Method 7, representing an
amplification rate of 91% (Table 5.2).
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DNA Extraction
Method

Sample
Type

Method 1
(PVPP + glass milk)

Human faeces

Number of
Samples Positive
by PCR
5/8

Method 2
(Lysis buffer + Proteinase K + glass milk)

Human faeces

3/7

43

Method 3
(CTAB)

Human faeces

8/14

57

Method 4
(CTAB + ProCipitate™)

Human faeces

7/10

70

Method 5
(Chelex®100 +Phenol/Chloroform)

Human faeces

12/14

86

Method 6
(Chelex®100 + ProCipitate™ )

Human faeces

12/14

86

Method 7
(Lysis buffer + glass milk)

Mouse faeces

10/11

91

PCR
Amplification
Rate (%)
62

Table 5.2 PCR Amplification Rates Using the Various DNA Extraction Methods of Hymenolepis
nana Eggs in Mouse and Human Faeces.

5.3.3.

Specificity and Inhibition of PCR Primers

PCR amplification, using the 18SDF and 18SDR primers, yielded a band of the
expected size (249 bp) for the H. nana and H. diminuta reference isolates (positive
controls) (Figure 5.1). No amplification was apparent with any other parasite, bacterial
or human DNA (Figure 5.1). Analysis of PCR inhibition, using ‘spiking’, revealed
inhibition in approximately 5 - 10% of DNA samples extracted from eggs in human
faeces (results not shown), providing evidence that these samples contained inhibitory
substances to the PCR reaction. Amplification rates of 100% in PCR reaction mixtures,
that were ‘spiked’ with reference H. nana DNA, were not achieved with any method
tested in this study (results not shown).
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Figure 5.1 Ethidium Bromide Stained 1% Agarose Gel Showing the Specificity of the 18SDF and
18SDR Primers for Hymenolepis spp. DNA. Lane 1 = molecular weight marker (100 bp ladder, Gibco
BRL, Gaithersburg, MD, USA); Lane 2 = H. nana reference isolate (M1); Lane 3 = H. diminuta reference
isolate; Lane 4 = normal human faeces; Lane 5 = E. granulosis; Lane 6 = Giardia; Lane 7 = E. coli; Lane
8 = S.aureus; Lane 9 = human blood DNA; Lane 10 = C. parvum; Lane 11 = T. foetus; Lane 12 =
S. pilosicoli; Lane 13 = negative control (no DNA).

5.4.

Discussion

The identification of the most effective method for DNA extraction from adult worms
and eggs in mouse and human faeces was based on the amplification of a 249 bp PCR
product. Linking the evaluation of the DNA extraction methods to PCR overcame the
requirement for large quantities of DNA, a situation unlikely to occur when extracting
DNA from Hymenolepis eggs. In addition, the integrity of DNA extracted by methods
which utilise prolonged boiling (such as with Chelex® 100), were evaluated by using
PCR on samples extracted with these methods.

Limitations of the PCR technique were, however, taken into account when evaluating
the effectiveness of DNA extraction solely on the basis of successful PCR amplification.
For example, because the efficiency of PCR amplification is inversely related to the size
of the product (Arnheim and Erlich, 1992), reducing the size of the PCR product is
likely to increase the amplification efficiency. The formation of secondary structures
that may interfere with primer binding and extension, such as hairpin loops in regions of
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high GC content, would also be reduced by decreasing the size of the PCR product. In
this study, the PCR product was relatively small, a factor believed to help maximise the
efficiency of the PCR reaction. The addition of Taq Extender (Stratagene, USA) to the
PCR mix was expected to further improve amplification efficiency.

An amplification rate of 91%, achieved with Method 7, on DNA extracted from mouse
faeces suggested inhibition was present in 9% of samples. This was considered a
relatively effective method, however, and this extraction technique was believed to be
worthwhile adopting for future DNA extractions of Hymenolepis from mouse faeces.
An amplification rate of 43% for extraction of human faeces using Method 2 was
considered relatively poor in comparison with the other methods tested on human faecal
samples. Similarly, whilst an amplification rate of 62%, using Method 1, was an
improvement on the results obtained using Method 2, this was still considered relatively
inefficient. When the CTAB method was used (Method 4), an amplification rate of
57% was obtained, which was lower than the 70% amplification rate obtained when a
modified CTAB method (Method 4) was used. Although CTAB specifically removes
protein and carbohydrates from solution (Section 5.2.4.3), both known to be PCR
inhibitors, the variable rates of amplification between Methods 4 and 5 may be directly
attributable to the efficient de-proteinisation activity of ProCipitate™. However, whilst
Method 4 avoided the use of toxic reagents, one perceived drawback was the multiple
steps and lengthy time-frame required to complete the procedure.

The Chelex® 100 methods used by Reed et al. (1997) and Paxinos et al (1997) were
found to be ineffective when tried, unmodified, on human faeces in this study (results
not shown). In the studies conducted by those authors the experiments were carried out
on seal and fox scat samples (faeces) using Chelex® 100 concentrations of 5% and 10%
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respectively.

When some minor modifications to the published method were

incorporated into this study, including de-proteinisation (phenol/chloroform or
ProCipitate™) and sodium acetate/ethanol concentration (Methods 6 and 7), a much
greater rate of success was achieved. PCR amplification occurred in 86% for human
faeces using these modifications. Furthermore, the substitution of ProCipitate™ in
Method 7, without detrimental effect on the outcome of the PCR, was an added
advantage over Method 5 in providing a less hazardous method for mass screening of
human faecal samples. Another major advantage of Method 6 in comparison with
Method 4, which both used ProCipitate™, was the reduced number of steps and the
time-frame required to complete it.

When evaluating the results of PCR, it is important to rule out inhibition of the PCR
reaction and confirm the specificity of the primers. This is especially important in the
testing of human faeces, which are expected to contain humic acid, bile and
polysaccharides known to be inhibitory to PCR (Wilde, et al., 1990; Tsai, et al., 1993;
Fricker, et al., 1997; Monteiro, et al., 1997). If PCR amplification does not occur when
the reaction mixture is ‘spiked’ with control DNA, in addition to the DNA under test,
this is strong evidence for the presence of inhibitors in the reaction and thus does not
represent a ‘true negative’ PCR result.

In this study, ‘spike analysis’ identified

inhibition to the PCR reaction, irrespective of which method was used, in a small
percentage of samples tested.

Although PCR amplification did not occur in all samples, for all methods tested, it is
improbable that any single technique will be 100% effective when extracting DNA from
parasites in faecal samples, a situation commonly reported in the literature (Mathis, et
al., 1996; Monnier, et al., 1996; Reed, et al., 1997). This is likely to be due to a
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combination of factors that influence the efficiency of DNA extraction, including the
presence of inhibitors, as discussed.

However, other factors that might affect the

quantity of DNA extracted could be low parasite load and high mucus content of some
faecal samples. In this study, some human samples were diagnosed with very light
parasite infections. If the number of eggs per gram of faeces is extremely low, the
amount of DNA extracted is likely to be reduced. In addition, anecdotal evidence from
the Murdoch University laboratory suggests that high mucus content of some faecal
sample may also reduce the efficiency of DNA extraction, possibly attributable to the
‘stickiness’ of the eggs in such samples. Some attempts to extract the eggs from the
faeces using sucrose gradient centrifugation (Lethbridge, 1971) or saturated salt
flotation (Voge, 1970) prior to DNA extraction were tested in this study but did not
enhance the results of PCR substantially (results not shown), which was somewhat
surprising. This may be due to the progressive ‘loss’ of eggs when an increased number
of steps are introduced to any procedure, especially when the egg numbers are very low
to begin with.

In order to rule out amplification of host DNA, or colonised normal faecal flora, it is
also critical to test the specificity of the PCR primers on normal human faeces, which is
likely to contain host cells sloughed from the wall of the intestine and normal faecal
flora, such as E. coli. In this study, the lack of PCR amplification of human blood
DNA, normal human faeces and E. coli DNA is strong evidence that where PCR
products are present in the human samples tested in this study, host DNA and normal
faecal flora (E. coli) can be ruled out. Similarly, the lack of amplification of all other
parasite and bacterial DNA indicate that these primers are highly specific for
Hymenolepis DNA.
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The results from this study, whereby PCR amplification occurred in 86% and 91% using
Methods 6 and 7 respectively, provided strong support for the use of these techniques
for Hymenolepis eggs in human and mouse faeces relative to the other methods tested in
this study. The inability to amplify all the samples, even with these methods, meant
however, that some important molecular information would be lost if these samples, and
others extracted using the same methods, were intended for use in subsequent molecular
studies. This was considered a disadvantage of the present study. Future work that
concentrates on improving the DNA extraction methods from faecal samples, especially
those with a light parasite load and high mucus content, would be extremely
worthwhile.
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6. PHYLOGENETIC ANALYSIS OF THE RIBOSOMAL ITS1 AND
MITOCHONDRIAL C01 GENES IN HYMENOLEPIS
6.1.

Introduction

In Chapter 3, the failure to demonstrate cross-transmission of 51 human isolates of H.
nana in laboratory rodents provided biological data that supported the hypothesis that
“the species of Hymenolepis which infects humans in north-west Western Australia is
genetically distinct from the species which infects animals, such as rodents, and may not
be transmissible between the two” (Section 1.14).

As discussed in Chapter 1, isolates of H. nana from rodent and human hosts are
morphologically identical and thus, the only way to reliably distinguish between isolates
from different hosts was by comparing them using molecular criteria.

There are

numerous studies which have used molecular tools to distinguish closely related species
in which morphological characteristics alone cannot be reliably used (Chilton, et al.,
1995; Ibrahim, et al., 1997; Wilcox, et al., 1997). The limited amount of parasite
material available from human faecal samples precludes the use of methods such as
protein sequencing, protein electrophoresis, isoenzyme analysis, allozyme analysis,
pulsed-field gradient gel electrophoresis (PFGE) and cytogenetics for genetic
characterisation of Hymenolepis spp.

Molecular techniques that are linked to PCR, and thus are suitable for use on small
quantities of DNA, have provided reliable and less expensive molecular tools than
sequencing, for the delineation of closely related species. For example, PCR-RFLP of
the ribosomal internal transcribed spacer regions has been used to differentiate between
closely related parasite species such as Cryptosporidium (Morgan, et al., 1999),
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Trichostrongyle nematodes (Gasser, et al., 1994; Stevenson, et al., 1995), Strongylus
spp. (Campbell, et al., 1995), Strongyloides spp. (Ramachandran, et al., 1997),
Leishmania (Guevara, et al., 1992), Trypanosoma spp. (Dietrich, et al., 1990) and
cestodes (Bowles and McManus, 1994; Bowles, et al., 1994). Due to the low numbers
of ‘characters’ generated by PCR-RFLP this technique is not as useful for phylogenetic
studies as DNA sequencing but is well suited to differentiation of species for diagnostic
purposes. In trematodes, such as Echinostomes, the ITS1 is more variable than the ITS2
(Luton, et al., 1992; Kane and Rollinson, 1994; Morgan and Blair, 1995). This has also
been reported in Trichostrongylus nematodes (Hoste, et al., 1998) and the cestode
Echinococcus (Bowles, et al., 1995). According to Morgan and Blair (1995) “the ITS1
is believed to be a more appropriate tool for studies of closely related, or sibling species,
whilst the ITS2 is better suited to more distant species”.

In addition, as discussed in Chapter 1, mitochondrial coding genes, such as the
cytochrome c oxidase subunit 1 (C01) are well suited to phylogenetic studies of closely
related organisms (reviewed in detail in Section 1.13.2). For this reason, the C01 gene
was considered an appropriate loci for further characterisation of H. nana isolates from
different hosts.

To date, no comprehensive study of the molecular characteristics of H. nana isolates
from humans or rodents has been carried out. In one study, sequences of the internal
transcribed spacer 2 (ITS2) region of ribosomal DNA and partial sequences of the
mitochondrial cytochrome c oxidase subunit 1 (C01) gene were compared between an
isolate of H. nana, collected from a laboratory mouse (Mus musculus) from Japan, and a
laboratory golden hamster (Mesocricetus auratus) from Uruguay.
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differences were found in the ITS2 between both isolates and only two base differences
were detected in the C01 locus (Okamoto, et al., 1997).

The specific aims of this study were, therefore to:
1)

Develop techniques for the molecular detection and characterisation of
Hymenolepis spp. and studies on the epidemiology of Hymenolepis infections

2)

To genetically compare Hymenolepis spp. from different individuals and
different host species.

The general aims of this study, therefore, were to:
1)

Amplify, by PCR, the rDNA internal transcribed spacer 1 and to then use PCR–
RFLP on this region to characterise the genetic relationship between
Hymenolepis spp.

2)

Sequence at least four isolates of H. nana to verify the PCR-RFLP profiles.

3)

Amplify and sequence the mitochondrial C01 gene of these same species to
provide a second DNA locus for genetic characterisation.

These techniques were to be conducted using numerous Hymenolepis nana isolates,
collected from humans and mice in several geographically separated regions.

In

addition, genetic characterisation of these regions was to be conducted on three other
hymenolepidid species, H. microstoma, H. diminuta and H. citelli in order to
characterise the genetic differences at the genus level.
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6.2.

Materials and Methods

6.2.1.

Source and Collection of Parasite Material

Reference isolates of Hymenolepis nana, Hymenolepis diminuta, H. microstoma and
H. citelli adult worms were obtained according to the methods outlined in Section 2.1.1.
Mouse isolates of H. nana were obtained according to the methods outlined in
Section 2.1.1. Human faecal samples were obtained according to the methods outlined
in Section 2.1.2. A summary of the samples characterised in this study are listed in
Table 6.1.

6.2.2.

Purification of Genomic DNA From Adult Worms (Reference Isolates)

Genomic DNA was purified from either adult worms or cysticercoids of H. nana,
H. diminuta, H. microstoma and H. citelli using the method outlined in Section 4.2.2.

6.2.3.

Purification of Human and Mouse Faeces

DNA was purified from human faecal samples as described in Sections 5.2.3 and 5.2.4.6
and from mouse faecal samples as described in Section 5.2.5.1.

6.2.4.

Primer Design, PCR Amplification and Sequencing of rDNA ITS1

Conserved primers, designated F3 forward (5’ GCGGAAGGATCATTACACGTTC 3’)
and R3 reverse (5’ GCTGCACTCTTCATCGATCCACG 3’), were designed from the
sequences of the rDNA unit described in Chapter 4 and were designed to amplify only
the ITS1 region. PCR reactions were carried out in 25 µl volumes as described in
Section 2.3.

Samples were heated to 94 ˚C for 2 mins, 63 ˚C for 2 mins, 72 ˚C for

1 min, followed by 50 cycles of 94 ˚C for 20 secs, 63 ˚C for 20 secs, 72 ˚C for 45 secs
and a final cycle of 72 ˚C for 7 mins. Purification and sequencing of the ITS1 PCR
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Known* or
Presumed+
Species
H. nana*

Host

Code

Sample
Type

Source

Geographical
Location

Mouse

M1

Adult worm

AI

Japan

H. nana

Mouse

M2∆

Cysticercoids

MC

Italy

H. diminuta*

Rat

Hd

Adult worm

MUPTR

Perth, Western Australia

H. citelli*

Hamster

Hc

Adult worm

JB

United Kingdom

H. microstoma*

Mouse

Hm

Adult worm

JB

United Kingdom

H. microstoma*

Mouse

M3

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. microstoma*

Mouse

M4

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. nana*

Mouse

M5

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. nana*

Mouse

M6

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. nana+

Mouse

M7

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M8

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M9

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M10

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M11

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M12

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M13

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M14

Eggs in faeces

GS

Victoria, Australia

H. nana+

Mouse

M15

Eggs in faeces

GS

Victoria, Australia

H. nana+

Human

H1

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H2

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H3

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H4

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H5

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H6

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H7

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H8

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H9

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H10

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H11

Eggs in faeces

MUPS

North-west Western Australia

H. nana+

Human

H12

Eggs in faeces

MUPS

North-west Western Australia

Table 6.1 Source and Geographical Location of Parasite Material Used in This Study. Where * =
morphologically identified adult worm (except M2∆ = cysticercoids); + = identified by egg morphology
only; AI = Dr. Akira Ito, Gifu University, Japan; MC = Dr. Margherita Conchedda, Universita degli Studi
di, Cagliari, Italy; MUPTR = Murdoch University Parasitology Teaching Resource; JB = Dr. Jerzy
Behnke, University of Nottingham, UK; GS = Dr. Grant Singleton, CSIRO, NSW, Australia; MUPS =
Murdoch University Parasite Survey.
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products was achieved using the method outlined in Section 2.3.

When direct

sequencing of the PCR fragment yielded poor results, it was cloned using the method
outlined in Sections 2.5 and 2.6 and sequenced using universal M13 forward and reverse
primers.

6.2.5.

Specificity and Inhibition Testing of ITS1 Primers

The primers, F3 and R3 were tested extensively for specificity by performing PCR
reactions under the same conditions using DNA extracted from Giardia duodenalis,
Cryptosporidium parvum, Tritrichomonas foetus, Escherichia coli and normal human
faeces. 1 µl of DNA of these samples was added to the PCR mixture. To test for
inhibition of the PCR reaction some PCR reactions were ‘spiked’ with 1 µl of H. nana
DNA (reference isolate M1) in the same manner described in Section 5.2.7 (Chapter 5)
using the PCR conditions described for the F3 and R3 primers (Section 6.2.4).

6.2.6.

PCR-RFLP of rDNA ITS1

Expected restriction fragment sizes for the ITS1 product were determined using DNA
Strider™

(Version 1.0, Christian Marck, Service de Biochimie et de Genetique

Moleculaire, France) (Table 6.2). Unpurified PCR products were digested overnight
with the restriction enzymes Hph I and Fok I (New England Biolabs, Maryland, USA),
using buffers recommended by the manufacturer. 3 µl PCR product was added to a
reaction containing 2 µl digestion buffer, 10 units of restriction enzyme and sterile ultrapure H20 (Fisher Biotech, Perth, Australia) to a final volume of 20 µl. The ITS1
restriction fragments were separated by horizontal electrophoresis, either through a
1.5% agarose (Promega, Wisconsin, USA) gel in TAE buffer (40 mM Tris-HCl; 20 mM
acetate; 2 mM EDTA; pH 7.9), or a 4 % Metaphor™ agarose (FMC, Maryland, USA)
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gel in TBE buffer (89 mM Tris-HCl; 89 mM boric acid; 2 mM EDTA) and post-stained
with ethidium bromide.

Restriction
Enzyme
Fok I

Isolate

Species
H. nana

Size of PCR
Product
646 bp

M1

Hph I

M1

Expected Restriction Fragments (bp)
220, 426

H. nana

646 bp

91, 116, 279, 160

Table 6.2 Predicted PCR-RFLP Profiles for H. nana ITS1 Fragment (generated using F3 and R3
primers) with Fok I and Hph I

6.2.7.

PCR Amplification and Sequencing of Mitochondrial C01

Primers, designated pr-a forward (5’ TGGTTTTTTGTGCATCCTGAGGTTTA 3’) and
pr-b reverse (5’ AGAAAGAACGTAATGAAAATGAGCAAC 3’), used to amplify a
444 bp fragment of the mitochondrial cytochrome c oxidase subunit 1 (CO1) gene,
were previously designed by Okamoto et al. (1997). The forward primer was highly
similar to the forward primer designed by Bowles et al. (1992) for amplification of the
C01 of the cestode Echinococcus granulosus. PCR amplification was carried out in
25 µl reactions according to the protocol described by Okamoto et al. (1997), with one
modification.

Because problems were encountered in the Murdoch University

laboratory with non-specific primer binding of DNA extracted from faecal samples, the
annealing temperature was raised from 42 ˚C to 55 ˚C. Thus samples were heated to
94 ˚C for 50 secs followed by 50 cycles of 94 ˚C for 50 secs, 55 ˚C for 90 secs, 72 ˚C
for 90 secs and a final cycle of 72 ˚C for 7 mins. When direct sequencing of the C01
fragment yielded poor results, the PCR product was cloned in the manner described for
the ITS1.

Characterisation of Community-Derived Hymenolepis Infections in Australia

96

Chapter 6. Phylogenetic Analysis of the Ribosomal ITS1 and Mitochondrial C01 Genes in Hymenolepis

6.2.8.

Phylogenetic Analysis

Nucleotide sequences were aligned using Clustal X (Thompson, et al., 1997). Distancebased and parsimony analyses were performed using PAUP* (Swofford, D. L. 1999.
PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods). Version 4.0b2
Sinauer Associates, Sunderland, Massachusetts). Maximum Likelihood analyses were
performed using PUZZLE (Version 4.1, (Strimmer and von Haeseler, 1996)). Distancebased analyses were conducted using Tamura-Nei distance estimates and trees were
constructed using the Neighbour Joining algorithm.

Parsimony analyses were

conducted using either the branch and bound or heuristic search methods. Bootstrap
analyses were conducted using 1000 replicates. Phylograms were drawn using the
TreeView program (Page, 1996).

6.3.

Results

6.3.1.

PCR-RFLP Analysis of ITS1

PCR-RFLP analysis of the PCR product generated by the F3 and R3 primers was
conducted using M1 as the H. nana reference isolate for the digestion profiles as the
primary sequence was known (Chapter 4). A further 104 samples were amplified from
DNA extracted from Hymenolepis eggs in faeces from humans (not listed in Table 6.1).
RFLP analysis of digests yielded distinct profiles for the mouse reference isolate of H.
nana, M1, which corresponded to the predicted profiles for the enzymes Hph I (Lane 2,
Figure 6.1) and Fok I (results not shown). RFLP profiles of 84 of the 104 human
samples, digested with the restriction enzymes Fok I and Hph I, yielded RFLP profiles
inconsistent with the H. nana reference isolate M1 and, in many samples, the sum of the
fragments exceeded the size of the original uncut fragment (646 bp) (see for example,
Lanes 13, 14, 15, Figure 6.1).
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Figure 6.1 Ethidium Bromide Stained 4% Metaphor™ Agarose Gel Showing the PCR-RFLP
Profiles of the ITS1 of Human Hymenolepis nana Isolates Digested with Hph I. Lane 1 = molecular
weight marker (100 bp ladder, New England Biolabs, Maryland, USA); Lane 2 = H. nana reference
isolate (M1); Lane 3 = H62; Lane 4 = H63; Lane 5 = H64; Lane 6 = H65; Lane 7 = H66; Lane 8 = H67;
Lane 9 = H68; Lane 10 = H69; Lane 11 = H70; Lane 12 = H71; Lane 13 = H72; Lane 14 = H73; Lane 15
= H74.

6.3.2.

Sequence Analysis of ITS1

The ITS1 region was initially sequenced in four H. nana isolates only, M1, M2, H1 and
H2, primarily to verify the profiles obtained using RFLP on the ITS1 product. Because
aberrant PCR-RFLP profiles were obtained for many of the isolates, a decision was
made to sequence a larger number of isolates in an effort to determine the reasons for
the inconsistent profiles. The ITS1 region was, therefore, sequenced for a total of
23 isolates of H. nana (11 human, 12 mouse). Between 2 and 6 clones were sequenced
for 11 of the 23 isolates, resulting in a total of 37 clones being analysed. The remaining
isolates (5 human, 7 mouse) were sequencing directly from the PCR product. A PCR
product of approximately the expected size (646 bp) was obtained for the Hymenolepis
nana isolates examined in this study following amplification with the F3 and R3
primers.

Sequence analysis determined that the PCR products from the H. nana

reference isolate M1 included 22 bp of the 3’ end of the 18S, 571 bp of the ITS1 and
53 bases of the 5’ end of the 5.8S (Figure 6.2). Sequence analysis also revealed the size
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of the PCR fragment encompassing the ITS1 in the remaining H. nana isolates ranged
from 639 bp – 646 bp. In H. diminuta the PCR product was 754 bp which included
22 bp of the 18S, 679 bp of the ITS1 and 53 bp of the 5.8S (Figure 6.2). The PCR
product for H. microstoma was 635 bp, which included 22 bp of the 18S, 560 bp of the
ITS1 and 53 bp of the 5.8S (results not shown).

Direct sequencing of the PCR product was conducted for H. citelli (approximately
800 bp) therefore the precise size of the ITS1 was unable to be determined due to some
loss of sequencing at the 5’ and 3’ ends. Unambiguous sequence of 711 bp was
obtained from the PCR product for H. citelli (results not shown). Due to the substantial
differences in size and sequence of the PCR fragment between the four Hymenolepis
spp. a meaningful alignment in Clustal was not achieved, therefore, sequences for
H. nana and H. diminuta only are presented here (Figure 6.2).

H. nana
H. diminuta

tGCGGAAGGATCATTACACGTTCCAA------TACACACA----------------AGCT 60
tGCGGAAGGATCATTACACGTTCTAAATATATTATATATATACGCTACTGCTAGTGAGTT
********************** **
** * * *
** *

H. nana
H. diminuta

GGCACACATTCTTCTAT--------GTGTCCTGCTTCTACTGCTGCTGCTTCTGCTGCTG 120
GATGAGCAATCATCAGCCGCTGGTAGTATGCTGAATCTA-TACTCTAATATCTCCTACCT
*
** ** **
** * *** **** * **
*** ** *

H. nana
H. diminuta

TCGGTGAGTGGACGAGCAACCGTTCCCCGCCGCTGGTGGTGGTGGTATGCTGAATCGTAT 180
TCGGTGGGGTGCCTAGTCTACCTAATACCTCAGTGGTA-TGCTCGTGTGTTTGTTGTTGT
****** * * * **
* *
* * **** ** * ** ** *
* * *

H. nana
H. diminuta

TTACCCTACGATAATAACTACT-CTGCGGTGGGGTGCCTGGTCCAC—-CTAATACCCTAG 240
TGTTGTTGTTGTTGTAGTAGCAGCAACAGCAGGCATGCCAGTCCATATCCGAGGCGGTAG
*
*
* **
* * * * **
* *****
* * * ***

H. nana
H. diminuta

--TGGTG-ATATGCTCGCATCCG-----GCATGCTGGTCCATATCCCAGGAGGTGGAATA 300
AATAGTGCATGTGCTTTTATTAACATACGAATGCAGCCGTGTGTGCACTGTGTGTTATCC
* *** ** ****
**
* **** *
* * *
* *
*

H. nana
H. diminuta

GTGCATGGGCT-GCAAGTCTCTCGCAGCCCAT-----GTGCGAG-------------GCA 360
ATCCATATATTCATCTCTTTCTCTCTCTCCTTCTTCTGTGTGTGTATGTATGTATGTGTG
* ***
*
* **** *
** *
*** * *
*
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H. nana
H. diminuta

TAAGACGTTTGAATGGGGGCAACG---CTGGTGTGTGTGTGTGT-------GCGATGTCT 420
CGAGAGAGAGAGAGAGAGGTGACGGAACGGGTGGATATGTATGCTGCAGTAACGTTGTTT
***
* * ** ***
* **** * *** **
** *** *

H. nana
H. diminuta

C-------CCTTGCGCGCCCCACTATGTGTCGAGTTTATACACTTATTACATTGTGTACC 480
TATAAGGTCCATGTGCAAGGCATAAGACGTTTGGATAGCAGTCTT-TAGAGTTGCCTATC
** ** **
** *
**
* *
* *** *
*** ** *

H. nana
H. diminuta

AAAT---TGATGATGAGTAGACGTGTGCGCCTCTGGCTTACCGTTTACTGCCTCGTCATA 540
TTACGCCCCACTATGCGTCGAGTTATATATTACAACCGTTCAAATAGATGTGCAGACATG
*
* *** ** ** * *
*
* * *
*
**
* ***

H. nana
H. diminuta

T--CGAAACAT-GCTGTCAGTTGC--------------TGCTGCTCACCAAGCG-GTGGC 600
CGCCGCAAGGTTGCTGTTTGTTGCATCGTATCGAAGCATGCTGTTTGCTACTCATGCAGT
** ** * ***** *****
***** * * * * * *

H. nana
H. diminuta

-GCTTTCATGCATGCGGTGCACGCGCAATACTTGTATTGTGTGTGAGCCTACAATATACT 660
AGCTCTCATGCATGGGGCGCATTCACAATACTTGTATTGTGTGTGAGCCTATAAAATACT
*** ********* ** *** * ************************** ** *****

H. nana
H. diminuta

ACCA-------TGCGCTGC---TATAAGCGTG—-TGTGTGTATGCAAAGAACTGTATGCG 720
ACTACCGCAACTAGGCTGTACGTATAGTTGTGGATGTATGTATATAAAGAACTGTATGCG
** *
* ****
****
*** *** ***** ***************

H. nana
H. diminuta

GTGGATCACTCGGCTCGTGGATCGATGAAGAGTGCAGC 754
GTGGATCACTCGGCTCGTGGATCGATGAAGAGTGCAGC
**************************************

Figure 6.2 Alignment of Ribosomal ITS1 of H. nana (646 bp) and H. diminuta (754 bp). Where * =
sequence homology, – = gap inserted for alignment. Forward and reverse primers (F3 and R3) are
underlined.

6.3.3.

Inter and Intra-Individual Variation of the ITS1

Phylogenetic analysis revealed that inter-individual variation at the genus level
(between species in the genus Hymenolepis), the reference isolate of H. nana (M1) and
H. microstoma, were 69.2% similar (Table 6.3). Due to poor alignment of the ITS1
region, as a result of extensive size and sequence variability the sequence heterogeneity
between H. nana, H. diminuta and H. citelli could not be calculated.

Similarly, phylogenetic analysis revealed that across the ITS1 region two major
‘sequence types’ were encountered in the H. nana isolates. However, these did not
relate specifically to a particular host type nor to their geographical location. The most
predominant sequence was encountered 13 times, including both directly sequenced and
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cloned isolates (H7, M9c1, M7, H11c3, M1, M12, H11c1, H10, M11c3, M13c3, M2,
H8, H2c3). The second most predominant sequence was encountered five times, also in
both directly sequenced and cloned isolates (M6, M5, H4c2, H4c1, H6c2) (Figure 6.3).

H4c1
H4c2
H6c2
M5
M6
H11c1
H8
M1
M9c1
H4c1
H4c2
H6c2
M5
M6
H11c1
H8
M1
M9c1
H4c1
H4c2
H6c2
M5
M6
H11c1
H8
M1
M9c1

61
120
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
*******************
***** *********** * **** ****** ******
121
180
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
************
*************** * ***************************
241
300
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCTGCAAGTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCTGCAAGTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCTGCAAGTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCTGCAAGTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCTGCAAGTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCAA-GTCTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCAA-GTCTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCAA-GTCTCTCGCAGCCCATGTGCGAGGCA
ATCCCAGGAGGTGGAATAGTGCATGGGCTGCAA-GTCTCTCGCAGCCCATGTGCGAGGCA
*******************************
***********************

Figure 6.3. Sequence Alignment of Partial ITS1 of H. nana Isolates Showing the Primary Sequence
of Two Predominant Sequence ‘Types’ . Where upper 5 isolates are representative isolates of Type 1;
lower 4 isolates are representative of Type 2. Regions of major differentiation are depicted in red font
(Type 1) and blue font (Type 2).

At the species level (within H. nana only), the inter-individual variation (between
isolates) was highly variable (Table 6.3). The most substantial inter-individual variation
was seen between H. nana isolates in Cluster 1 versus those in Cluster 2. For example,
M1, M2, M7, M12, H7, H8 and H10 share identical sequences across the ITS1 but they
vary to M5 and M6 (97.5%). Similarly, the isolates H3 (H3c1) exhibited an interindividual variation of 94.9% with M10 (M10c1) and an even higher variability of
94.7% with M11 (M11c1). Some inter-individual variation was also seen between the
isolates within Cluster 2 itself, however this was usually low (98.8-99.4%).
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Hm
Hm
M3
M4
M15c4
H3c1
H3c4
H6c1
H6c2
H6c3
H3c2
H3c3
H4c1
H4c2
H4c3
M5
M6
H2c4
H2c2
M11c2
H9c1
H9c2
H9c3
H9c4
H9c5
H9c6
H2c1
H2c3
H11c1
H11c2
H11c3
H1
H8
H5
H7
H10
M1
M2
M9c1
M9c2
M9c3
M10c1
M10c2
M11c1
M11c3
M12
M13c1
M13c2
M13c3
M14c1
M14c2
M14c3
M7
M8

99.8
99.8
100
70.4
69.7
67.3
67.6
67.2
67.0
67.2
67.6
67.6
67.5
67.6
67.6
67.9
68.8
68.8
68.7
69.2
68.7
69.2
68.7
68.7
69.0
69.2
68.5
69.0
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.2
69.4
69.7
69.0
68.7
69.0
69.2
68.6
69.0
69.0
69.2
68.7
69.0
69.0
66.6
66.6

M3

100
99.8
70.7
70.1
67.7
68.0
67.6
67.4
67.5
68.0
68.0
67.8
68.0
68.0
68.2
69.1
69.2
69.1
69.6
69.0
69.6
69.1
69.0
69.3
69.6
68.8
69.3
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.8
70.1
69.3
69.0
69.3
69.6
69.0
69.3
69.3
69.6
69.0
69.3
69.3
67.0
67.0

M4

99.8
70.7
70.1
67.7
68.0
67.6
67.4
67.5
68.0
68.0
67.8
68.0
68.0
68.2
69.1
69.2
69.1
69.6
69.0
69.6
69.1
69.0
69.3
69.6
68.8
69.3
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.6
69.8
70.1
69.3
69.0
69.3
69.6
69.0
69.3
69.3
69.6
69.0
69.3
69.3
67.0
67.0

M15 H3
c4
c1

65.8
68.0
63.5
66.1
65.8
65.6
65.7
63.1
66.1
66.0
63.3
62.9
66.3
67.2
67.2
64.1
67.6
67.0
67.6
67.1
67.0
64.4
67.6
63.7
67.3
67.6
64.7
64.2
64.2
65.5
64.6
64.6
63.3
67.6
67.7
68.0
67.3
67.1
67.3
67.6
66.0
67.3
67.3
67.6
67.1
67.3
67.3
63.7
63.7

99.1
97.5
97.7
97.5
97.3
97.7
97.7
97.7
97.9
97.7
97.6
96.6
96.4
94.9
95.0
95.1
95.1
95.1
95.1
95.1
95.0
95.5
95.1
95.1
95.3
95.1
95.3
95.1
95.2
95.2
95.2
95.3
95.3
95.1
95.3
94.9
94.7
94.7
95.3
95.2
95.1
94.7
95.3
94.9
94.7
95.1
96.0
95.8

H3
c4

98.1
98.4
98.3
98.1
98.4
98.2
98.4
98.6
98.0
98.2
97.4
97.3
96.0
95.6
96.1
96.1
96.1
96.1
96.1
95.6
96.5
95.7
96.1
96.3
95.6
95.2
94.9
95.9
95.8
95.8
94.8
96.3
96.1
96.3
96.0
95.8
95.8
96.3
95.8
96.1
95.8
96.3
96.0
95.8
96.1
96.9
96.7

H6
c1

99.8
99.7
99.5
99.5
99.8
99.8
99.7
99.7
99.8
98.6
98.6
97.0
97.1
97.2
97.2
97.2
97.2
97.2
97.1
97.6
97.2
97.2
97.4
97.1
96.8
96.6
97.3
97.3
97.3
96.3
97.4
97.2
97.4
97.0
96.8
96.8
97.4
97.4
97.2
96.8
97.4
97.0
96.8
97.2
97.1
96.9

H6
c2

99.9
99.7
99.7
100
100
99.8
99.8
100
98.9
98.9
97.5
97.3
97.6
97.6
97.6
97.6
97.6
97.3
97.9
97.4
97.6
97.8
97.3
96.9
96.6
97.5
97.5
97.5
96.5
97.8
97.6
97.8
97.5
97.3
97.3
97.8
97.6
97.6
97.3
97.8
97.5
97.3
97.6
97.3
97.1

H6
c3

99.5
99.5
99.8
99.9
99.7
99.7
99.8
98.7
98.6
97.3
97.1
97.5
97.4
97.5
97.5
97.4
97.1
97.8
97.2
97.5
97.6
97.1
96.7
96.5
97.4
97.3
97.3
96.3
97.6
97.5
97.6
97.3
97.1
97.1
97.6
97.4
97.5
97.1
97.6
97.3
97.1
97.5
97.1
96.9

H3
c2

99.7
99.7
99.7
99.5
99.5
99.7
98.6
98.6
97.1
96.9
97.3
97.3
97.3
97.3
97.3
96.9
97.6
97.2
97.3
97.5
97.0
96.5
96.3
97.2
97.1
97.1
96.1
97.5
97.3
97.5
97.1
97.0
97.0
97.5
97.4
97.3
97.0
97.5
97.1
97.0
97.3
97.1
96.9

H3
c3

99.7
99.7
99.8
99.5
99.6
98.7
98.6
97.3
97.1
97.5
97.4
97.5
97.5
97.4
97.1
97.8
97.2
97.5
97.6
97.1
96.7
96.5
97.4
97.3
97.3
96.3
97.6
97.5
97.6
97.3
97.1
97.1
97.6
97.4
97.5
97.1
97.6
97.3
97.1
97.5
97.1
96.9

H4
c1

100
99.8
100
100
98.8
98.8
97.3
97.3
97.3
97.3
97.3
97.3
97.3
97.3
97.7
97.4
97.3
97.5
97.3
97.5
97.3
97.5
97.5
97.5
97.5
97.5
97.3
97.5
97.1
96.9
96.9
97.5
97.6
97.3
96.9
97.5
97.1
96.9
97.3
97.3
97.1

H4
c2

99.8
99.8
100
98.9
98.9
97.5
97.3
97.6
97.6
97.6
97.6
97.6
97.3
97.9
97.4
97.6
97.8
97.3
96.9
96.6
97.5
97.5
97.5
96.5
97.8
97.6
97.8
97.5
97.3
97.3
97.8
97.6
97.6
97.3
97.8
97.5
97.3
97.6
97.3
97.1

H4
c3

99.7
99.8
98.9
98.8
97.5
97.3
97.6
97.6
97.6
97.6
97.6
97.3
97.9
97.4
97.6
97.8
97.3
96.9
96.6
97.5
97.5
97.5
96.5
97.8
97.6
97.8
97.5
97.3
97.3
97.8
97.6
97.6
97.3
97.8
97.5
97.3
97.6
97.3
97.1

M5

100
98.6
98.6
97.1
97.3
97.1
97.1
97.1
97.1
97.1
97.3
97.5
97.4
97.1
97.3
97.3
97.3
97.1
97.3
97.5
97.5
96.4
97.3
97.1
97.3
97.0
96.8
96.8
97.3
97.6
97.1
96.8
97.3
97.0
96.8
97.1
97.3
97.1

M6

98.7
98.8
97.3
97.3
97.3
97.3
97.3
97.3
97.3
97.3
97.7
97.4
97.3
97.5
97.3
97.5
97.3
97.5
97.5
97.5
97.5
97.5
97.3
97.5
97.1
96.9
96.9
97.5
97.6
97.3
96.9
97.5
97.1
96.9
97.3
97.3
97.1

H2
c4

97.8
98.3
98.2
98.7
98.4
98.4
98.4
98.4
98.6
98.7
98.4
98.4
98.6
98.6
97.8
97.9
98.4
98.4
98.4
97.4
98.6
98.3
98.4
98.3
98.1
98.1
98.6
98.5
98.4
98.1
98.6
98.3
98.1
98.4
98.4
98.2

H2
c2

98.6
98.6
98.7
98.7
98.7
98.7
98.7
98.6
99.1
98.7
98.7
98.9
98.6
98.1
97.9
98.8
98.8
98.8
97.7
98.9
98.7
98.9
98.6
98.4
98.4
98.9
98.9
98.7
98.4
98.9
98.6
98.4
98.7
98.8
98.6

M11 H9
c2
c1

99.7
99.5
99.5
99.5
99.5
99.5
99.3
99.5
99.8
99.5
99.7
99.7
99.0
99.0
99.8
99.8
99.8
98.6
99.7
99.7
99.5
99.7
99.2
99.5
99.7
99.8
99.8
99.5
99.7
99.7
99.5
99.8
99.8
99.4

Table 6.3. Similarity Matrix of Hymenolepis spp. Ribosomal ITS1 region.

99.7
100
99.7
100
100
99.3
99.7
99.8
99.7
99.8
99.7
99.8
99.7
99.8
99.8
99.8
99.8
99.8
99.5
99.7
99.5
99.3
99.3
99.8
99.8
99.7
99.3
99.8
99.5
99.3
99.7
99.8
99.4

H9
c2

99.7
99.7
99.7
99.7
99.7
99.7
99.8
99.7
99.9
100
99.2
99.3
99.8
99.8
99.8
98.8
99.9
99.5
99.7
99.5
99.4
99.4
99.9
99.8
99.7
99.4
99.9
99.5
99.4
99.7
99.8
99.4

M9
c2

M9
c3

M10 M10 M11 M11 M12 M 13 M13 M13 M14 M14 M14 M7
c1
c2
c1
c3
c1
c2
c3
c1
c2
c3

M9c2
M9c3
M10c1
M10c2
M11c1
M11c3
M12
M13c1
M13c2
M13c3
M14c1
M14c2
M14c3
M7
M8

M9
c1
99.7
99.8
99.7
99.5
99.5
100
100
99.9
99.5
100
99.7
99.5
99.9
100
99.6

99.8
99.7
99.2
99.5
99.7
99.6
99.8
99.8
99.7
99.7
99.5
99.8
99.6
99.2

99.5
99.4
99.4
99.8
99.8
99.7
99.7
99.8
99.5
99.4
99.7
99.8
99.4

99.2
99.5
99.7
99.6
99.9
99.5
99.7
99.7
99.5
99.9
99.6
99.2

99.1
99.5
99.6
99.4
99.1
99.5
99.2
99.1
99.4
99.6
99.2

99.5
99.5
99.7
99.4
99.5
99.5
99.4
99.7
99.4
99.0

100
99.9
99.5
100
99.7
99.5
99.9
100
99.6

99.8
99.5
100
99.6
99.5
99.8
100
99.6

H9
c3

H9
c4

H9
c5

H9
c6

H2
c1

H2
c3

H11
c1

H11
c2

H11
c3

99.7
100
100
99.3
99.7
99.8
99.7
99.8
99.7
99.1
99.0
99.8
99.8
99.8
98.8
99.8
99.5
99.7
99.5
99.4
99.4
99.8
99.8
99.7
99.4
99.8
99.5
99.4
99.7
99.8
99.4

99.7
99.7
99.3
99.7
99.8
99.7
99.9
99.7
99.2
99.0
99.8
99.8
99.8
98.8
99.9
99.5
99.7
99.5
99.4
99.4
99.9
99.8
99.7
99.4
99.9
99.5
99.4
99.7
99.8
99.4

100
99.3
99.7
99.8
99.7
99.8
99.7
99.1
99.0
99.8
99.8
99.8
98.8
99.8
99.5
99.7
99.5
99.4
99.4
99.8
99.8
99.7
99.4
99.8
99.5
99.4
99.7
99.8
99.4

99.3
99.7
99.8
99.7
99.8
99.7
99.1
99.0
99.8
99.8
99.8
98.8
99.8
99.5
99.7
99.5
99.4
99.4
99.8
99.8
99.7
99.4
99.8
99.5
99.4
99.7
99.8
99.4

99.7
99.5
99.3
99.5
99.7
99.5
99.7
99.5
99.5
99.5
99.5
99.5
99.1
99.3
99.1
99.0
99.0
99.5
99.6
99.3
99.0
99.5
99.1
99.0
99.3
99.6
99.2

99.8
99.7
99.9
99.7
99.2
99.0
99.8
99.8
99.8
98.8
99.9
99.5
99.7
99.5
99.4
99.4
99.9
100
99.7
99.4
99.9
99.5
99.4
99.7
100
99.6

99.8
100
99.8
100
99.8
100
100
100
100
100
99.6
99.8
99.6
99.6
99.5
100
100
99.8
99.5
100
99.6
99.5
99.8
100
99.6

99.9
99.7
99.2
99.0
99.8
99.8
99.8
98.8
99.9
99.5
99.7
99.5
99.4
99.4
99.9
99.8
99.7
99.4
99.9
99.5
99.4
99.7
99.8
99.4

99.8
99.3
99.1
100
100
100
99.0
100
99.7
99.8
99.7
99.5
99.5
100
100
99.9
99.5
100
99.7
99.5
99.9
100
99.6

99.7
99.9
99.9
99.7
100
99.8
99.4

99.5
99.5
99.4
99.7
99.4
99.0

99.7
99.5
99.9
100
99.6

99.9
99.9
99.6
99.2

99.7
99.4
99.0

99.8
99.4

99.6

H1

H8

H5

H7

H10

M1

M2

99.8
100
99.8
99.8
99.8
99.8
99.8
99.5
99.7
99.5
99.3
99.3
99.8
99.8
99.7
99.3
99.8
99.5
99.3
99.7
99.8
99.4

99.8
99.3
100
100
98.8
99.3
99.0
99.2
99.0
98.8
98.8
99.3
100
99.2
98.8
99.3
99.0
98.8
99.2
100
99.6

99.1
99.8
99.8
98.6
99.1
98.8
99.0
98.8
98.6
98.6
99.1
99.8
99.0
98.6
99.1
98.8
98.6
99.0
99.8
99.4

100
100
99.0
100
99.7
99.8
99.7
99.5
99.5
100
100
99.8
99.5
100
99.7
99.5
99.8
100
99.6

100
100
100
99.7
99.8
99.7
99.5
99.5
100
100
99.8
99.5
100
99.7
99.5
99.8
100
99.6

100
100
99.7
99.8
99.7
99.5
99.5
100
100
99.8
99.5
100
99.7
99.5
99.8
100
99.6

99.0
98.6
98.8
98.6
98.5
98.5
99.0
100
98.8
98.5
99.0
98.6
98.5
98.8
100
99.6
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There was also substantial intra-individual variation found within isolates (between
clones of a particular isolate). The levels of intra-individual variation in the H. nana
isolates, ascertained by sequencing between two and six clones for each isolate, were
highly variable and thus, problematic for phylogenetic analysis. The intra-individual
variation in the human isolates H2 and H3 was substantially higher than within the other
isolates (up to 97.3% and 98.6% respectively, Table 6.3). Intra-individual variation was
also encountered with the mouse isolates of H. nana (see Table 6.3). In all instances,
the intra-individual variation, whether mouse or human isolates, resulted from a
combination of polymorphisms (2 bases at one position) and slippage (loss of
nucleotides), the latter especially, but not exclusively, in simple sequence repeat regions
(Figure 6.4).

H2c1
H2c2
H2c3
H2c4
H2c1
H2c2
H2c3
H2c4

H3c1
H3c2
H3c3
H3c4
H3c1
H3c2
H3c3
H3c4

61
120
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCTTCTGCTGCTGTCGGTGAGTGGACGAGCAATCGTTCCCCGCC
TGCTTCTACTGCTGCTGCT---GCTGCCGTCGGTGAGTGAATGAGCGATCGTTTCCCGCC
*******************
***** *********** * **** ****** ******
121
180
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGTGGTATGCTGAATCGTATTTACCCTACGATAATAACTACTCTGCGGTGG
GCTGGTGGTGGT---ATGCTGAATCGTATTCATCCTACGATAATAACTACTCTGCGGTGG
************
*************** * ***************************

481
540
GCTGCTCACCAAGCGGTGGCGCTTTCATGCACGTGGTGCACTCGCAATACTTGTATTGTG
GCTGCTCACCAAGCGGTGGCGCTTTCATGCATGCGGTGCACGCGCAATACTTGTATTGTG
GCTGCTCACCAAGCGGTGGCGCTTTCATGCATGCGGTGCACGCGCAATACTTGTATTGTG
GCTGCTCACCAAGCGGTGGCGCTTTCATGCATGCGGTGCACGCGCAATACTTGTATTGTG
******************************* * ******* ******************
541
600
TGTGACCCTAAAATATACCACCATACGCTA-TATGCACGTGTGTGTGTATGCAAAGAACT
TGTGAGCCTACAATATACTACCATGCGCTGCTATAAGCGTGTGTGTGTATGCAAAGAACT
TGTGAGCCTACAATATACTACCATGCGCTGCTATAAGCGTGTGTGTGTATGCAAAGAACT
TGTGACCCTAAAATATACCACCATACGCTA-TATGCACGCGTGTGTGTATGCAAAGAACT
***** **** ******* ***** **** ***
** ********************

Figure 6.4. Partial Alignment of ITS1 Sequences of H. nana Isolates H2 (clones 1-4) and H3 (clones
1 – 4). Where nucleotide differences between clones of H2 (intra-individual variation) are represented in
red font; nucleotide differences between clones of H3 (intra-individual variation) are represented in blue
font; * = sequence homology; - = regions of nucleotide “slippage”.
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6.3.4.

Specificity

PCR amplification using the F3 and R3 primers yielded a band of approximately the
expected size for H. nana (646 bp), H. microstoma (635 bp) and H. diminuta (754 bp)
(Figure 6.5). A band was also present for the normal human faeces sample ‘spiked’
with 1 µl of H. nana DNA (646 bp). The absence of a band in the unspiked normal
human faeces sample, therefore, was confirmed as a ‘true’ negative result, not due to
inhibition of the PCR reaction, which is important to rule out when conducting PCR on
faecal samples. No amplification was apparent with any other bacterial, parasite or
human DNA (Figure 6.5), confirming the specificity of the ITS1 primers for these
Hymenolepis species.

Figure 6.5 Ethidium Bromide Stained 1% Agarose Gel Showing the Specificity of the F3 and R3
(ITS1) Primers for Hymenolepis spp. DNA. Lane 1 = molecular weight marker (100 bp ladder, New
England Biolabs, Maryland, USA); Lane 2 = H. diminuta reference isolate; Lane 3 = H. nana reference
isolate (M1); Lane 4 = H. microstoma reference isolate; Lane 5 = normal human faeces ‘spiked’ with 1 µl
H. nana DNA; Lane 6 = normal human faeces DNA; Lane 7 = Giardia duodenalis; Lane 8 =
Cryptosporidium parvum; Lane 9 = Tritrichomonas foetus; Lane 10 = E. coli; Lane 11 = negative control
(no DNA)
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6.3.5.

Phylogenetic Analysis ITS1

Due to the high levels of intra-individual variability in the H. nana isolates a single,
representative, clone sequence was unable to be selected for phylogenetic analysis.
Instead all clones were treated as individuals of a population and were included in the
final phylogenetic analysis (Figure 6.6).

Analysis of ITS1 sequences provided

confirmation that isolates M3, M4 and M15c4 are H. microstoma. Parsimony analysis
of this data was not possible due to the large number of trees with the same length
generated. Distance-based and ML analyses identified a cluster of isolates containing
M5, M6, H3c1-c4, H4c1-c2, H6c1-c3 that was supported by bootstrap analysis (89%)
(Figure 6.6). The topology of the tree for the remaining isolates of H. nana received
poor bootstrap support. H. microstoma was used as the outgroup for analysis of the
ITS1 sequences. The ITS1 sequences of H. citelli and H. diminuta were excluded from
the data set due to difficulties with alignment.

6.3.6.

Sequence Analysis of C01

A band of approximately the expected size was obtained for all the Hymenolepis isolates
examined in this study (results not shown). Sequence analysis determined that the PCR
product obtained by amplification with the primers pr-a and pr-b was 444 bp for
H. nana. This contrasts with the findings of Okamoto et al. (1997), who reports the
fragment size of H. nana was 391 bp. using these same primers and the same H. nana
reference isolate. The C01 sequence obtained by cloning the H. nana isolate M6 in this
study enabled the entire sequence to be determined, without loss of sequence of the
5’ and 3’ ends, a situation likely to have occurred with Okamoto et al. (1997).
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Hm
M15c4
M3
M4

72
53

100

56

89

M9c3
H2c2
H2c4
H4c3
H3c1
88
H3c4
H3c2
H3c3 53
M6
M5
H4c2
H4c1
H6c2
H6c1
H6c3
M8
M11c1
M10c1
M14c3
M11c2
M13c1
M14c1
M14c2 60
M9c2
M13c2
H9c4
H2c3
H8
M2
M13c3
M11c3
H10
H11c1
H9c6
H9c3
64
H9c1
H9c5
M12
M1
H11c2
H11c3
M7
M9c1
H7
M10c2
H5
H1
60
H9c2
H2c1

1

2

0.1

Figure 6.6 Phylogram of Distance-Based Analyses Generated From the Sequence of the Ribosomal
Internal Transcribed Spacer 1 (ITS1) Gene Region From Human (H) and Mouse (M) Isolates of
Hymenolepis nana and From H. microstoma (Hm).

The precise size of the PCR product for H. diminuta, H. microstoma and H. citelli was
unable to be determined because they were sequenced directly from the PCR product,
however the fragment size approximates that of H. nana for all species. Unambiguous
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sequences of 411 bp, 429 bp and 425 bp were obtained for these species respectively
(Figure 6.7).

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

TGGTTTTTTGTGCATCCTGAGGTTTATGTTTTAATATTACCGGGATTTGGTATTATAGGT 60
-----------------TGAGGTTTATGTGTTAATATTGCCGGGTTTTGGTATTATAAGA
-------TTGTGCATCCTGAGGTTTATGTATTAATTTTACCCGGGTTTGGTATTATTAGA
-------TTGTGCATCCTGAGGTTTATGTATTGATTTTGCCTGGATTTGGTATTATTAGT
************ ** ** ** ** ** *********** *

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

CATATATGTTTAAGATTGAGTTTAATTCCTGATGCTTTTGGGTTTTATGGTTTATTGTTT 120
CATATTTGTTTGAGTTTAAGTTTAATTTCAGATGCGTTTGGGTTTTATGGTTTGTTATTT
CATATTTGTTTAAATTTGAGTTTAATTCCTGATGCTTTTGGGTTTTATGGGCTCTTGTTT
CATATTTGTTTACAATTAAGTTTGATCCCTGATGCTTTTGGGTTTTATGGGTTGTTATTT
***** *****
** ***** ** * ***** ************** * ** ***

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

GCTATGTTTTCTATAGTGTGTTTGGGTTGTAGTGTGTGGGCTCATCATATGTTTACTGTT 180
GCTATGTTTTCTATTGTATGTTTGGGGTGTAGTGTTTGGGCTCATCATATGTTCACTGTT
GCCATGTTTTCTATTGTTTGTTTAGGTAGAAGTGTTTGAGGGCATCATATGTTTACTGTT
GCTATGTTTTCTATTGTTTGTTTGGGTAGTAGTGTATGGGGGCATCATATGTTTACTGTT
** *********** ** ***** ** * ***** ** * *********** ******

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

GGTTTGGATGTTAAGACGGCTGTATTTTTTAGGTCTGTAACTATGATTATAGGAATACCC 240
GGGTTGGATGTTAAGACGGCTGTATTTTTTAGTTCTGTTACTATGATTATAGGTGTGCCA
GGTTTAGATGTAAAGACGGCAGTGTTCTTTAGATCTGTAACTATGATTATAGGGGTACCT
GGTTTAGATGTTAAGACGGCAGTATTTTTTAGTTCTGTGACTATGATTATTGGTGTCCCA
** ** ***** ******** ** ** ***** ***** *********** ** * **

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

ACTGGTATTAAGGTATTTACTTGGTTATATATGCTTTTAAATTCTATGGCTAAAAAGAGT 300
ACAGGTATAAAGGTTTTTACATGATTATATATGTTGTTGAACTCTATGGCTAATAAGAGT
ACACGAATTAAGGTGTTTACTTGGTTATACATGCTTTTAAACTCTAAAGTTAATAAGGGG
ACTGGAATTAAGGTTTTTACTTGGTTGTATATGCTTTTGAATTCTACTGTTAATAAGAGT
** * ** ***** ***** ** ** ** *** * ** ** **** * *** *** *

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

GACCCTGTAATATGATGAATAGTGTCATTTATTGTGTTGTTTAGATTCGGTGGTGTGACT 360
GATCCTGTAATTTGATGAATAGTCTCTTTTATAGTTTTATTTAGTTTTGGTGGTGTTACA
GATCCTATTGTTTGATGAATAGTGTCTTTTATCGTGTTATTTAGATTTGGAGGAGTTACA
GATCCTATTGTTTGGTGAATTGTTTCGTTTATAGTGTTATTTAGGTTTGGTGGGGTCACT
** *** * * ** ***** ** ** ***** ** ** ***** ** ** ** ** **

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

GGTATTATTTTATCAGCTTGTGTTTTGGACAAAGTTTTACATGATACCTGATTTGTGGTT 420
GGTATAATTTTGTCTGCTTGTGTGTTGGATAATGTATTACATGATACTTGATTTGTTGTT
GGAATTATTTTATCTGCATGTGTTTTAGATAAAGTTCTTCATGATACTTGGTTTGTTGTT
GGTATAGTGTTGTCTGCTTGTGTGTTAAATAAAGTGTTACATGATACTTGGTTTGTTGTT
** ** * ** ** ** ***** ** * ** ** * ******** ** ***** ***

H.
H.
H.
H.

nana
microstoma
diminuta
citelli

GCTCATTTTCATTACGTTCTTTCT 444
GCTCATTT---------------GCTCATTTTCATTACT-------GCTCATTTTCAT-----------********

Figure 6.7 Sequence Alignment of the Mitochondrial C01 Gene of H. nana (444 bp), H. microstoma
(411 bp), H. diminuta (429 bp) and H. citelli (425 bp). Where * = sequence homology between
species; - = region not sequenced (5’ and 3’ ends only).
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6.3.7.

Inter and Intra-Individual Variation C01

At the genus level, inter-specific variation between H. nana and three other
Hymenolepidids, H. microstoma, H diminuta and H. citelli was 85%, 81.3% and 81.7%
respectively at the C01 locus (Table 6.4).

Between the human isolates of H. nana inter-individual variation at the mitochondrial
C01 locus was not detected. Between the mouse isolates from Australia (M9, M11,
M12, M13, M14), Japan (M1) and Italy (M2), inter-individual variation was very low
and percentage similarity ranged from 99.5 – 100% (Table 6.4). However, extensive
inter-individual variation of approximately 95% was found between the two Portugese
mouse isolates, M5 and M6, and the remaining mouse isolates (M1, M2, M9, M11,
M12, M13, M14). Similarly, high levels of inter-individual variation between the human
isolates and the two rodents isolates, M5 and M6, was observed (96.1 - 96.4%) (Table
6.4).

Intra-individual variation, ascertained by sequencing 3 clones, was low in the H. nana
isolate M6 sequenced at the C01 locus (98.8%). The remaining isolates of H. nana and
other Hymenolepis species were sequenced directly and no polymorphisms (2 bases at
one position), or slippage, were found in the region sequenced for any species.
Unfortunately, some difficulties were encountered in amplifying the mitochondrial C01
gene from DNA extracted from eggs in faeces of several H. nana isolates, therefore not
all isolates were characterised at this locus. A summary of the isolates characterised at
the mitochondrial and the rDNA loci is listed in Table 6.5.
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Hd
Hc
Hm
M3
M4
M15c4
M1
M2
M9
M11
M12
M13
M14
M6
M5
H1
H5
H7
H8
H12
H2

Hd

Hc

Hm

M3

M4

M15c4

M1

M2

M9

M11

M12

M13

M14

M6

M5

H1

H5

H7

H8

H12

84.2
79.0
80.2
80.3
80.2
81.3
80.2
80.2
80.9
81.5
81.6
80.9
80.4
81.8
80.6
81.0
81.7
81.5
81.2
81.2

82.8
81.8
81.9
83.2
81.7
81.5
81.4
81.3
81.7
81.8
81.2
81.2
81.7
82.1
81.0
82.2
82.0
82.0
82.0

98.0
98.0
99.5
85.0
84.0
85.0
84.7
84.7
85.0
84.9
83.9
84.4
83.9
83.2
84.4
84.4
84.4
84.4

100
98.6
84.2
82.8
83.1
83.5
84.0
84.4
83.8
83.3
84.4
82.9
82.6
83.8
83.7
83.4
83.4

98.6
84.2
82.8
83.1
83.5
84.0
84.4
83.8
83.6
84.5
82.9
82.7
83.9
83.7
83.7
83.7

85.0
83.7
85.0
84.7
84.7
85.0
84.7
84.3
85.0
83.7
83.2
84.4
84.4
84.4
84.4

98.8
99.8
99.5
99.8
100
100
95.8
96.1
99.7
99.5
99.5
99.5
99.5
99.5

98.8
98.5
98.5
98.8
98.8
95.8
96.0
99.2
99.2
99.3
99.3
99.3
99.3

99.8
99.1
99.1
100
95.0
95.1
99.0
99.2
98.6
98.8
98.8
98.8

100
99.5
99.8
95.5
95.6
99.5
99.0
99.0
99.3
99.3
99.3

99.8
99.8
95.6
95.9
99.5
99.2
99.3
99.3
99.3
99.3

100
95.8
96.2
99.7
99.5
99.5
99.5
99.5
99.5

95.8
96.0
99.7
99.5
99.5
99.5
99.5
99.5

99.8
96.3
96.0
96.1
96.1
96.1
96.1

96.3
96.3
96.4
96.4
96.1
96.1

100
100
100
100
100

100
100
100
100

100
100
100

100
100

100

Table 6.4 Similarity Matrix of Hymenolepis spp Mitochondrial C01 Region (Kimura’s Distance)
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Isolate

Host

ITS1

C01

Isolate

Host

ITS1

C01

H1

Human

+

+

M1

Mouse

+

+

H2

Human

+

+

M2

Mouse

+

+

H3

Human

+

-

M5

Mouse

+

+

H4

Human

+

-

M6

Mouse

+

+

H5

Human

+

+

M7

Mouse

+

-

H6

Human

+

-

M8

Mouse

+

-

H7

Human

+

+

M9

Mouse

+

+

H8

Human

+

+

M10

Mouse

+

-

H9

Human

+

-

M11

Mouse

+

+

H10

Human

+

-

M12

Mouse

+

+

H11

Human

+

-

M13

Mouse

+

+

H12

Human

-

+

M14

Mouse

+

+

Table 6.5 Mouse and Human Isolates of H. nana Genetically Characterised at the ITS1 and C01
Loci. Where + = isolate sequenced at that locus; - = isolate not sequenced at that locus.

6.3.8.

Phylogenetic Analysis C01

Analysis of COI nucleotide sequences was conducted using H. diminuta and H. citelli as
outgroups. Parsimony, distance-based and ML analyses produced trees with similar
topology (Figure 6.8).

The rodent isolates M3, M4 and M15 were identified as

H. microstoma. Isolate M15 was placed into the same clade as the H. microstoma
reference sequence but this was poorly supported by bootstrap analysis. The isolates of
H. nana were divided into two clades, one containing the mouse isolates M5 and M6,
and the other containing the remaining human-and mouse-derived isolates of H. nana.
The topology within the latter clade suggests a division correlating with host origin,
with isolates from the same host species clustering with each other. However, this
topology is not supported by high bootstrap analysis.
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Hd
Hc
Hm

57,74,59
100,100,100

M15c4
M3

99,97,99

M4
M2
M14

100,99,87

85,95,89

M13

59,57,51

M9

Rodent-

M1

Australia

M11

59,65,59

67,64,69
M12

2

H1

100,100,100

H5
H7

HumanAustralia

H8
H12
H2

100,98,93

M6

Rodent-

1

M5
0.1

Figure 6.8 Phylogram of Distance-Based Analyses Generated from the Sequences of the
Mitochondrial Cytochrome c Oxidase Subunit 1 (C01) Gene Region from Human (H) and Mouse
(M) Isolates of Hymenolepis nana and From H. diminuta (Hd), H. microstoma (Hm), H. citelli (Hc).
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6.4.

Discussion

The PCR-RFLP profiles, generated using the restriction enzymes Fok I and Hph I on the
104 human isolates of H. nana, revealed profiles that did not correspond with the mouse
H. nana reference isolate. In almost all instances, the sum of the fragments for these
samples was greater than the original size of the PCR fragment generated by the F3 and
R3 primers.

There are at least two possible explanations for this. Firstly, the presence of multiple
bands that do not correspond with the expected profile for H. nana could be the result of
‘mixed parasite’ infections, especially if the primers are genus, but not species, specific.
The primers used to amplify the ITS1 fragment were tested extensively for specificity
against a panel of organisms (Figure 6.5). Therefore, the presence of extra bands in the
RFLP digests could not be attributed to contaminants of the PCR reaction by these
organisms.

However, these primers did amplify two other hymenolepidid species,

H. diminuta and H. microstoma. The presence of these two species in human faeces
was originally considered to be unlikely, based on the rare occurrence of H. diminuta in
humans (Tena, et al., 1998) and the absence of any reports for H. microstoma in humans
in the literature.

A second explanation for the extra bands is the existence of different ‘types’ of rDNA
spacer regions that vary in sequence and/or length variation in one individual, a
situation reported in the literature by others (Wesson, et al., 1992; Bowles, et al., 1994;
Cupolillo, et al., 1995; Jobst, et al., 1998; Hopkins, et al., 1999). The identification of
the cause of multiple banding patterns in the RFLP profiles in this study, whether due to
the presence of other hymenolepidid species or multiple ITS types in the same
individual, could only be ascertained by sequencing the PCR fragment. A decision was
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made therefore, to sequence a larger number of human and mouse isolates of H. nana.
As discussed at the beginning of this Chapter, sequence analysis would provide enough
‘characters’ for phylogenetic analysis of this locus, rather than simply delineation of
species by PCR-RFLP as originally proposed, in addition to the phylogenetic analysis of
the C01 locus.

The decision to sequence the ITS1 locus for a number of human and mouse isolates of
H. nana, following these ambiguous RFLP profiles, provided a useful molecular tool to
identify the cause of the multiple banding patterns in the restriction digests.

By

identifying extensive polymorphism and the existence of different ITS1 ‘types’ within
and between H. nana isolates (Figures 6.3 and 6.4), a better understanding of the RFLP
profiles generated in the current study was obtained. In some instances, mixed parasite
infections were also diagnosed (see later in Chapter 9), providing a second explanation
for the mixed profiles in some samples.

According to Monis and Andrews (1998) the application of the PCR-RFLP method,
“requires the availability of a sound taxonomic or genetic framework for the
development of any diagnostic system for a particular organism”. Therefore, if PCRRFLP is to be used as a diagnostic tool for the delineation of closely related species,
then intra-individual and inter-individual variation must be negligible (or non-existent)
to ensure that diagnostic profiles are not altered due to polymorphisms within restriction
enzyme sites.

If intra-individual and inter-individual variation is high, the RFLP

profiles are not expected to be reliable enough for diagnostic purposes.
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6.4.1.

Phylogenetic Analysis of Ribosomal ITS1

A total of 23 isolates (human and mouse) of H. nana, representing a wide geographic
distribution (Australia, Japan, Italy, Portugal), were characterised by sequencing at the
nuclear, ribosomal ITS1 locus. Of these, 14 isolates were also characterised at the
mitochondrial C01 locus (Table 6.5). Phylogenetic analysis of the ITS1 region of these
isolates formed essentially two clusters, each containing a mixture of H. nana isolates
irrespective of their host origin (mouse and human). The structure of the ITS1 tree, with
respect to bootstrap support, is, however, variable.

Cluster 1, although comprised of a mixture of both mouse and human H. nana isolates,
received high bootstrap support for its separation from the remaining isolates. Sequence
analysis of the ITS1 of the isolates in Cluster 1 revealed a ‘sequence type’ (nominally
called Type 1) that is highly similar within the cluster but distinctive from those in
Cluster 2 (nominally called Type 2). Whilst the topology of Cluster 2 does not receive
high bootstrap support, sequence analysis reveals relatively similar sequences between
all the isolates found within this cluster (with the exception of H2). Many of the isolates
in this cluster have identical ITS1 sequences, irrespective of their host of origin (eg. H7,
H8, H10, M1, M2, M7, M12).

The variations found in other isolates within this cluster existed mostly, but not
exclusively (eg. M8, H1, H5), at the intra-individual level. The level of variation within
some individuals was often higher than the variation between individuals.

This

extensive variation, as a result of polymorphisms and slippage in the ITS1, makes the
use of this region highly problematic for phylogenetic studies (Vogler and DeSalle,
1994; Sorensen, et al., 1998; Jobst, et al., 1998).
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The ribosomal spacer region (ITS1) was chosen for further characterisation due to its
suitability for delineation of closely related species (reviewed in Chapter 1).

For

example, numerous species including nematodes (Gasser, et al., 1994; Campbell, et al.,
1995; Stevenson, et al., 1995; Hoste, et al., 1995; Stevenson, et al., 1996; Hoste, et al.,
1998; Chilton, et al., 1998; Zhu, et al., 1998; Gasser, et al., 1999a); trematodes (Adlard,
et al., 1993); apicomplexans (Morgan, et al., 1999); insect species (Porter and Collins,
1991; Navajas, et al., 1998) and even some plant species (Jobst, et al., 1998) have been
distinguished using the rDNA spacers. Thus, high levels of intra-individual variation
found in the ITS1 of H. nana in this study contrasts strongly with the findings reported
by many researchers, such as those outlined here.

However, high levels of variation in the ribosomal spacer regions have also been
reported by others, and thus, the high levels of variation in the ITS1 of H. nana is
analogous to the findings in several parasite species. These include some trematode
species (van Herwerden, et al., 1998; Sorensen, et al., 1998); apicomplexans
(Gunderson, et al., 1987; Barta, et al., 1998); cestodes (Bowles, et al., 1994; van
Herwerden, et al., 2000); insect species (Vogler and DeSalle, 1994; Tang, et al., 1996;
Fenton, et al., 1998) and plant species (Campbell, et al., 1997).

Surprisingly, in some instances, different species within the same genus show
contrasting levels of variation in their rDNA spacers.

For example the trematode

Paragonimus westermani is reported to have high levels of variation yet Paragonimus
ohirai displays minimal variation (van Herwerden, et al., 1999).

Similarly, both

minimal and large variation in the ITS spacer of the 37 collar-spined Echinostomes
(trematodes) has been reported by Morgan and Blair (1995) and Sorensen et al. (1998)
respectively. Some plant species from the Cucurbitaceae family display both minimal
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and large variation in their ITS spacers (Jobst, et al., 1998). Different mosquito species
also display contrasting levels of variation in their rDNA spacers (Porter and Collins,
1991; Wesson, et al., 1992).

Furthermore, the existence of rDNA sequence

‘types/haplotypes’ has also been observed in a number of species (Wesson, et al., 1992;
Vogler and DeSalle, 1994; Fenton, et al., 1998).

High levels of variation in nucleotide repeat sequences (eg. AT(n)), has been reported by
others (Wesson, et al., 1992; Vogler and DeSalle, 1994; Fenton, et al., 1998) and is
inferred to be the result of nucleotide “slippage” within the repeat regions, described in
detail by Levinson and Gutman (1987) and Schlotterer and Tautz (1992). This process
has also been suggested to be a result of technical error introduced during PCR
(Schlotterer and Tautz, 1992). Fenton et al. (1998) reports a PCR-induced alteration of
the size of the ITS1 amplified from the green peach aphid Myzus persicae as a result of
a 58 bp deletion that occurred when different PCR protocols were used. Although it was
proven that two ITS1 haplotypes existed in the genome of the aphids, it was also found
only one haplotype could be amplified using hot-start PCR whilst the other could not.

Because nucleotide mis-incorporation is reported to be low in PCR products smaller
than 700 bp (Saiki, et al., 1988), it was believed unlikely that the variation seen in
H. nana in this study was a result of substantial PCR error. In addition, the use of the
high fidelity, proof-reading enzyme, Taq Extender™, in the PCR mix was expected to
reduce the magnitude of PCR error substantially (Fenton, et al., 1998). According to
Barker (1998) the use of “cycle sequencing” (Section 2.3) is reported to also reduce the
potential of variable copies of the ITS1 because the most common copies of the repeat
unit will be sequenced.
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Sequence variation in the ITS1, within and between isolates, has previously been
suggested to result from the extraction of DNA from pooled, rather than individual,
worms for analysis of the ITS1 (Hoste, et al., 1998). In the current study, the extraction
of DNA, with the exception of M2, was either from single adult worms or from multiple
eggs in faeces. The latter may reflect the presence of ‘multiple worms’ in the host,
whereby each adult releases multiple eggs into the alimentary canal. There was limited
correlation, however, between the extent of intra-individual variation (within isolates)
and sample type. For example, in Cluster 2 no intra-individual variation was seen in
M1, M2 (DNA extracted from a single worm and cysticercoids respectively, sequenced
directly from PCR product) and M7, M12, H7, H8, H10, (eggs in faeces, sequenced
directly). Similarly, within Cluster 1 no intra-individual variation was seen in M5, M6
(single worms, sequenced directly) and almost no variation (99.8%) in H4 (DNA
extracted from eggs in faeces, cloned). Both minimal (eg. H4, cloned) and extensive
(eg. H2, H3, cloned) variation was seen within isolates that were extracted from eggs in
faeces. Extensive inter-individual variation (between isolates) was also encountered
between isolates extracted from single worms (eg M5, M6 in Cluster 1 versus M1, M2
in Cluster 2, all sequenced directly).

The existence of the two types of sequence (Type 1 and 2) appears, therefore, to be
independent of the sample type used for DNA extraction and more importantly, as some
isolates in both Clusters were sequenced directly from the PCR product, this clustering
effect could not be attributed to an artefact of the cloning procedure alone. In addition,
the level of intra- and inter-individual variation seen in the H. nana isolates
characterised at the ITS1 locus is not clearly related to the presence of multiple strains
within one host.
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The reasons for the presence of different ITS1 ‘types’ in H. nana is not clear, however
the levels of variation appear not to be related to laboratory artefact. Indeed, the small
size of the PCR product, the optimisation of the PCR reaction and the use of an enzyme
that enhances the yield and specificity of the amplification reaction would have
minimised the PCR error and eliminated the potential for favoured haplotype
amplification as a result of the PCR conditions. The lack of sequence homogenisation
between the multiple copies of the spacer regions in H. nana may be related to
incomplete “concerted evolution” of the spacers. The concept of concerted evolution,
and the hypothesised reasons for this occurrence in the ribosomal genes of H. nana, are
summarised in more detail in Chapter 10.

6.4.2.

Phylogenetic Analysis of Mitochondrial C01

The molecular characterisation of the mitochondrial C01 gene in H. nana, in the current
study, provides greater insight into the parasite populations present in both the human
hosts in Western Australia and in mouse hosts from Australia and other geographical
locations, including Japan, Italy and Portugal.

In contrast to the extensive intra-

individual variation in the ITS1 of the H. nana isolates, negligible intra-individual
variation was found at the C01 locus, making it a phylogenetically informative site for
the characterisation of the H. nana isolates. Okamoto et al. (1997) also found minimal
genetic differences (2 nucleotides) within the C01 locus of two H. nana isolates from
Japan and Uruguay. In the current study, the placement of the two Portugese isolates
(M5, M6) into a separate clade, as a result of 5.0% genetic divergence at the C01 locus
that is well supported by bootstrap analysis, is highly suggestive of the existence of
“cryptic species” of H. nana (= genetically distinct yet morphologically identical). In
addition, the separation of all the human isolates into one Cluster provides additional
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evidence for the existence of distinct genotypes of H. nana, especially given the absence
of any appreciable within-isolate variation at the C01 locus for all H. nana isolates.

As molecular tools such as enzyme electrophoresis and DNA sequencing are
increasingly being used by researchers to genetically characterise various species,
including parasites, many have proposed the existence of cryptic species on the basis of
morphologically identical (or similar), yet genetically distinct populations of species
under test.

For example, using multilocus enzyme electrophoresis analysis, the

protozoan Giardia duodenalis (Andrews, et al., 1989b), the nematode Hypodontus
macropi (Chilton, et al., 1992), the trematode Schistosoma japonicum (Chilton, et al.,
1999), and the cestode Hymenolepis diminuta (Andrews, et al., 1989a) have been found
to exhibit large genetic differences.

The existence of ‘independent species’ on the basis of fixed genetic distances
(represented by percentage), using this method, are unresolved in the literature.
However Chilton et al. (1999) suggests that, for isoenzyme analysis, “provided a
sufficient number of enzyme loci have been examined” fixed genetic differences of
approximately 15% should provide informative data in sexually reproducing diploid
organisms.

Sequence analysis of both the rDNA and mitochondrial genes have provided further
data for the cryptic species hypothesis in a number of species. For example, further
studies on the nematode Hypodontus macropi using sequence data of the rDNA
(Chilton, et al., 1995) supported the initial allozyme electrophoresis study (Chilton, et
al., 1992) in suggesting this species was a species complex, or cryptic species. Other
nematode species have been hypothesised to be cryptic species on the basis of interCharacterisation of Community-Derived Hymenolepis Infections in Australia
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individual genetic differences of the rDNA genes being higher than within-individual
differences (Hung, et al., 1999). Similarly, when ‘within individual’ variation in the
C01 and other mitochondrial genes was found to be negligible, in comparison with
‘between individual’ variation, this was believed to support the existence of cryptic
species, especially in the absence of morphological variation (Beckenbach, et al., 1993;
Brown, et al., 1994).

As discussed, the genetic divergence of approximately 5.0 % at the C01 locus, and of up
to 3.6% at the rDNA ITS1 of the Portugese mouse isolates from the remaining isolates,
both mouse and human, was well supported by bootstrap analysis.

Whilst the

phylogenetic separation into clades on the basis of ‘host origin’ (ie. ‘human cluster’
versus remaining ‘mouse cluster’) was not well supported by high bootstrap values at
the C01 loci (Figures 6.8), the genetic divergence between H. nana isolates was well
supported by biological data in which isolates from the human hosts did not develop in
rodent hosts (see Chapter 3). An emphasis on high bootstrap support for interpreting
molecular data can be misleading. If sequence data from only one locus is used, it may
be possible to get high bootstrap support for a Cluster that is phylogenetically incorrect.
If a Cluster receives low bootstrap support, but is recovered in analysis of multiple,
independent loci, and there is additional biological data to support the grouping then it is
likely to be valid (Paul Monis, pers. comm).

Thus, the genetic differences found in the rapidly evolving mitochondrial gene (this
chapter) between morphologically indistinguishable isolates of H. nana, whilst not
always supported by high bootstrap support (range 59 – 100%), is well supported by the
suggestion of biological incompatibility demonstrated between rodents and humans in
this study (Chapter 3). Recovery of some of the same isolates into a Cluster (M5, M6)
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at a second, independent locus, the ITS1, that was highly supported by bootstrap
analysis, (89%) suggests that the differentiation of H. nana into groups on the basis of
genetic differences is almost certainl to be valid.

Unfortunately, the difficulties in amplifying mitochondrial genes from egg DNA meant
that important information was lost for some isolates, such as H2, H3, H4 and H6, at the
C01 locus. Genetic characterisation of these particular isolates, at the C01 locus, would
be invaluable for a direct comparison to be made between all the isolates characterised
in this study.

It would be useful to develop an improved technique for PCR

amplification of single copy genes from DNA extracted from eggs in faecal samples in
an attempt to obtain sequence information for more isolates. For example, a nested
PCR approach has proven to be more sensitive for amplifying DNA, including parasite
DNA from faecal samples (Ellis, et al., 1999; Singh, et al., 1999; Verweij, et al., 2000;
Ghosh, et al., 2000), and should be considered for future work on Hymenolepis.

The preliminary data obtained by sequencing two genetic loci of Hymenolepis spp. in
this study is highly supportive of the hypothesis that the species infecting rodents is
genetically distinct from the species infecting humans in the north-west of Western
Australia. However, to rigorously assess the phylogeny of a group of organisms, and to
avoid the generation of “gene trees” rather than a “species tree,” it is preferable to study
a number of genes (Olsen and Woese, 1993; McManus and Bowles, 1996). For this
reason, sequence data from a third genetic loci was considered desirable in providing
additional data towards the genetic characterisation of Hymenolepis spp.

It was

necessary, therefore, to do additional studies on Hymenolepis and select other genetic
loci that would be appropriate for this. These are outlined in the following chapter.
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7. PHYLOGENETIC CHARACTERISATION OF A THIRD GENETIC
LOCI IN HYMENOLEPIS
7.1.

Introduction

In the previous chapter, two regions of DNA, the nuclear ribosomal internal transcribed
spacer 1 (ITS1) and the mitochondrial cytochrome oxidase c1 (C01) genes, were
characterised in numerous Hymenolepis nana isolates from both mouse and human
hosts. In addition, the primary sequence of these two regions of DNA was determined
for a further three Hymenolepis spp. (H. microstoma, H. diminuta and H. citelli). To
rigorously test the phylogeny and “cryptic species” hypothesis of H. nana, the genetic
characterisation of at least one other nuclear gene was recommended.

Other

mitochondrial genes were not suitable for this purpose because they are inherited as a
single unit and thus are equivalent to a single locus (Avise, 1994). Furthermore, the
presence of nuclear pseudogenes in some mitochondrial genes may be problematic in
phylogenetic studies (Perna and Kocher, 1996).

When genes in sexually reproducing organisms are selected for characterisation, there is
a risk of comparing paralogous sequences with orthologous sequences because gene
recombination occurs in the nuclear genome (McManus and Bowles, 1996). Paralogous
genes are those which are duplicated within a genome whilst orthologous genes are gene
lineages that have split into two species (Kendrew and Lawrence, 1994). This risk also
exists with gene families, unless they are undergoing the processes of concerted
evolution - for example the ribosomal genes. Single-copy protein coding genes provide
highly useful regions of DNA for phylogenetic characterisation that avoids the problem
of comparing paralogous and orthologous sequences (McManus and Bowles, 1996).
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Some constraints to the usefulness of single-copy genes exist if they are too highly
conserved or are not present in all organisms.

“Housekeeping” genes that encode for enzymes have been used in phylogenetic studies
of closely related parasite species.

A number of different enzymes have been

characterised, including triosephosphate isomerase and glutamate dehydrogenase in
Giardia (Baruch, et al., 1996; Monis, et al., 1996), Plasmodium falciparum (Ranie, et
al., 1993), Trypanosoma brucei and Entamoeba histolytica (See GenBank™
submissions); acetyl-CoA synthetase in Cryptosporidium (Morgan, et al., 1998b) and
glutathione-S-transferase in Schistosoma species (Trottein, et al., 1992). In addition,
lactate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase and succinate
dehydrogenase have been characterised in Echinococcus and Schistosoma species, two
genera which are closely related to hymenolepidid species (See GenBank™
submissions).

Other nuclear protein coding genes, such as paramyosin, have also been studied
extensively in Echinococcus granulosus (Muhlschlegel, et al., 1993), Schistosoma
mansoni (Laclette, et al., 1991), S. japonicum (Becker, et al., 1995; Nara, et al., 1997)
and Taenia solium (Landa, et al., 1993). For the purposes of this study, two nuclear
genes, triosephosphate isomerase and paramyosin, were selected for further
investigation.

7.1.1.

Triosephosphate Isomerase

Triosephosphate isomerase (TPI) is a glycolytic enzyme which catalyses the conversion
of dihydroxyacetone phosphate (DHAP) to glyceraldehyde-3-phosphate, in the EmbdenMeyerhoff glycolytic pathway, that converts glucose to pyruvate (Darnell, et al., 1990).
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It is a ubiquitously expressed enzyme present in organisms as diverse as marine bacteria
to mammals. TPI is a single copy gene in Schistosoma mansoni (dos Reis, et al., 1993)
and S. japonicum (Hooker and Brindley, 1996) and consists of a series of conserved
coding domains (exons) interspersed with non-coding intronic sequences in these
species. Unlike exons, the introns and non-coding genes are not highly constrained by
function and generally evolve more quickly than coding regions, making them ideal
regions for phylogenetic studies of closely related organisms (McManus and Bowles,
1996). Moreover, whilst the primary sequences may differ between closely related
species, such as S. japonicum and S. mansoni (Hooker and Brindley, 1996), the intron
positions have been shown to be highly conserved between plant, fungal and animal
species, including avians (dos Reis, et al., 1993). Hymenolepis spp. were, therefore,
reasonably expected to contain some, or all, of these introns. Whilst the primary
sequence of each intron may have been expected to differ between Hymenolepis nana
isolates, the ‘positions’ of each were likely to correspond with those of the
schistosomes, plants, fungal and avian species. This gene therefore, was considered to
have potential for the investigation of strain heterogeneity in Hymenolepis nana from
mouse and human hosts.

7.1.2.

Paramyosin

The paramyosin gene encodes for a myofibrillar protein which forms the cores of the
thick filaments of all muscle types and is ubiquitous in all invertebrates (Levine, et al.,
1982; Schmidt, et al., 1996). In the trematode Schistosoma mansoni and the nematode
Onchocerca gibsoni, paramyosin is a single copy gene (Zhang and Miller, 1995;
Schmidt, et al., 1996) and is less conserved than the muscle protein myosin (Zhang and
Miller, 1995). Paramyosin proteins have been investigated as vaccine candidates for the
tapeworms Taenia solium (Landa, et al., 1993) and Echinococcus granulosus
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(Muhlschlegel, et al., 1993) and for the trematode Schistosoma japonicum (Hooker, et
al., 1995). Heterogeneity has been found in the paramyosin gene of the Chinese and
Philippine strains of S. japonicum, even where nuclear and mitochondrial genes were
conserved between the two (Hooker, et al., 1995). For this reason, the paramyosin gene
was believed to have potential for the investigation of ‘strain’ heterogeneity of
Hymenolepis nana from different hosts. The availability of the sequences of both TPI
and paramyosin for closely related cestode and trematode species, in the GenBank™
database, was a major advantage for the design of oligonucleotide primers for
Hymenolepis in this study.

7.2.

Materials and Methods

7.2.1.

Source and Collection of Parasite Material

Laboratory reference isolates of Hymenolepis nana, H. microstoma, H. diminuta and
H. citelli isolates were obtained according to the methods outlined in Section 2.1.1.
Mouse isolates of H. nana were obtained according to the methods outlined in Section
2.1.1. Human faecal samples were obtained according to the methods outlined in
Section 2.1.2. The isolates characterised at the TPI and paramyosin loci are summarised
in Table 7.1.

7.2.2.

Purification of DNA From Adult Worms, Human and Mouse Faeces

Total DNA was purified from adult worms or cysticercoids of Hymenolepis nana,
H. diminuta, H. microstoma and H. citelli according to the method outlined in Section
4.2.2. Total DNA was purified from human faecal samples as described in Sections
5.2.3 and 5.2.4.6 and from mouse faecal samples as described in Section 5.2.5.1.
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Species

Host

Code

Sample Type

Source

Geographical Location

H. nana

Mouse

M1

Adult worm

AI

Japan

H. nana

Mouse

M2

Cysticercoids

MC

Italy

H. microstoma

Mouse

M3

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. nana

Mouse

M5

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. nana

Mouse

M6

Adult worm

JB

Quinta de Sao Pedro, Portugal

H. citelli

Mouse

Hc

Adult worm

JB

United Kingdom

H. microstoma

Mouse

Hm

Adult worm

JB

United Kingdom

H. diminuta

Rat

Hd

Adult worm

MUPTR

Perth, Western Australia

H. nana ∆

Human

H7

Eggs in faeces

MUPS

North-west Western Australia

H. nana ∆

Human

H13

Eggs in faeces

MUPS

North-west Western Australia

H. nana ∆

Human

H14

Eggs in faeces

MUPS

North-west Western Australia

H.diminuta†

Human

H15

Eggs in faeces

MUPS

North-west Western Australia

Table 7.1 Source and Geographical Location of Hymenolepis Isolates Characterised at the
Triosephosphate Isomerase or Paramyosin Loci. Where ∆ = identified by egg morphology only; † =
not identified by egg morphology, molecular results only; AI = Dr. Akira Ito, Gifu University, Japan; MC
= Dr. Margherita Conchedda, Universita degli Studi di, Cagliari, Italy; JB = Dr. Jerzy Behnke, University
of Nottingham, UK; MUPTR = Murdoch University Parasitology Teaching Resource; MUPS = Murdoch
University Parasite Survey.

7.2.3.

TPI Primer Design

A degenerate forward primer, located approximately 553 bp downstream of the 5’ end
of the TPI gene, was designed using available sequences of Schistosoma mansoni
(GenBank™ accession numbers L06636, L07283 – L07286), S. japonicum (U50847,
U43343 and U57557) and human TPI (M10036).

This forward primer closely

resembled the primer designed by Hooker and Brindley (1996). Two degenerate reverse
primers were designed using the same sequences, except the human sequence was
omitted for the second reverse primer.

The primers, designated TPI-F and TPI-R1, were expected to amplify a 256 bp product
that would include a 42 bp intron sequence (intron 1) present in the Schistosoma spp.
The forward primer, TPI-F with the second reverse primer, TPI-R2 was expected to
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amplify a product of approximately 1880 bp that would incorporate a 1.5 kb intron
sequence (intron 2), also present in the Schistosoma spp. (see Figure 7.1).

Intron 1
(42bp)

5’

TPI-F

Intron 2

3’

TPI-R1

256 bp

1880 bp
TPI-F

TPI-R2

Figure 7.1 (a) Schematic Representation of the Amplification of a 256 bp (encompassing Intron 1
using the primers TPI-F and TPI-R) and 1.88 kb Product (encompassing Intron 1 and Intron 2
using the primers TPI-F and TPI-R2) of the Triosephosphate Isomerase Gene.

The primer sets used to amplify the TPI gene are summarised in Table 7.2. Primers
were designed using Amplify 2.1 (Bill Engels, University of Wisconsin) and
oligonucleotides were synthesised by GIBCO BRL (Gaithersburg, MD, USA).

Primer

Primer Length

Sequence

TPI-F

25 mer

5’GTTGGGGGDAAYTGGAARATGAAYG 3’

TPI-R1

23 mer

5’ CTGATYTCYCCRGTRAAWGCMCC 3’

TPI-R2

27 mer

5’ ATCRGATTCAYYAATWATRYTTCTWCG 3’

Table 7.2 Primers Used to Amplify the Triosephosphate Isomerase (TPI) Gene in This Study Where
D = G or A or T; Y = C or T; R = A or G; W = A or T; M = A or C; V= F or C or A (IUPAC codes).

7.2.4.

PCR Amplification and Sequencing of TPI Products

DNA was amplified in a 25 µl reaction volume as outlined in Section 2.3 using the
primer pairs TPI-F and TPI-R1; TPI-F and TPI-R2, except that 25 pmol of each primer
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was used and the MgCl2 concentration was increased from 2mM to 3 mM to reduce the
stringency of the PCR reaction for the degenerate primers.

7.2.4.1.

TPI-F and TPI-R1

For the first set of primers (TPI-F and TPI-R1), samples were heated to 94 ˚C for
3 mins, followed by 50 cycles of 94 ˚C for 20 secs, 55 ˚C for 20 secs, 72 ˚C for 30 secs
and 1 cycle of 72 ˚C for 7 mins.

7.2.4.2.

TPI-F and TPI-R2

For the second set of primers (TPI-F1 and TPI-R2), a step-wise PCR was used.
Samples were heated to 94 ˚C for 3 mins followed by 5 cycles of 94 ˚C for 1 min, 45 ˚C
for 45 secs, 72 ˚C for 2 mins then a further 5 cycles of 94 ˚C for 1 min, 50 ˚C for
45 secs, 72 ˚C for 2 mins then a further 40 cycles of 94 ˚C for 1 min, 60 ˚C for 45 secs,
72 ˚C for 2 mins and a final cycle of 72 ˚C for 7 mins. PCR products were purified and
sequenced according to the method outlined in Section 2.3. Sequences were aligned
using the Clustal X sequence alignment program (Thompson, et al., 1997).

7.2.5.

Primer Design for Paramyosin (Pmy) Products

A degenerate forward primer, designated Pmy-F and located approximately 1550 bp
downstream of the 5’ end of the Pmy gene, was designed using available sequences of
the closely related species Echinococcus granulosus (GenBank™ accession number
Z21787), Taenia solium (L13723), Schistosoma japonicum (AF113971 and U11825)
and S. mansoni (M35499). A degenerate reverse primer, designated Pmy-R, was a
modified version of a primer designed by Laclette et al. (1991).
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7.2.5.1.

Nested Primers for Paramyosin

Some difficulties were encountered with the amplification of the Pmy gene from DNA
extracted from eggs in faeces using the primers Pmy-F and Pmy-R, therefore a nested
PCR approach was used to overcome them. Other researchers have found a nested PCR
is more successful in amplifying difficult templates where conventional PCR has failed
(Singh, et al., 1999; Ellis, et al., 1999). The principle of action of a nested PCR is
summarised as follows: two pairs of primers are designed to amplify the region of
interest, an external pair and an internal pair, the former primer pair flank the region of
interest and the latter primer pair are located just inside the region to be amplified by the
external set (Figure 7.2).

5’ 1550 bp

3’

Pmy-F

Pmy-R

840 bp

Ext-F

Ext-R
700 bp

625 bp
Int-F

Ext-F

Figure 7.2 Schematic Representation of the Amplification of an 840 bp Product (using the primers
Pmy-F and Pmy-R) and a PCR Product of 625 bp (using the nested external primers Ext-F and ExtR and nested internal primers Int-F and Int-R) of the Paramyosin Gene.
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The external primers are used in a standard PCR reaction (a primary reaction).
Following the amplification reaction in a thermal cycler, an aliquot of the primary PCR
reaction is used as the DNA template for a second PCR reaction mix that contains the
internal primers only (secondary reaction).

This secondary PCR increases the

specificity of the reaction because it is targeting only the template generated by the
primary PCR instead of the total genome.

In this study the original primers, Pmy-F and Pmy-R, were not re-used as the external
set of primers for the nested reaction due to their high level of degeneracy. Instead, a
conserved new external forward primer, Ext-F, was designed from the sequences
obtained using M1, M2, M3, M5, M6, H diminuta, H. microstoma and H. citelli in this
study and was located just inside the Pmy-F primer (Figure 7.2). A conserved new
external reverse primer, Ext-R, was designed from the same Hymenolepis spp.
sequences and was located just inside the Pmy-R primer. Conserved new internal
forward and reverse primers were designed using the same sequences and were located
just inside the external set. The external set of primers, Ext-F and Ext-R, amplified a
700 bp product. The internal set of primers, Int-F and Int R, amplified a 625 bp product
(Figure 7.2). The primers used to amplify the Pmy gene are summarised in Table 7.3.

Primer

Primer Length

Sequence

Pmy-F

24 mer

5’ AAYCAYYTVAGTCCGAGATGGAAC 3’

Pmy-R

26 mer

5’ ACCATACGRCGACCYTCACGDGTAGC 3’

Ext-F

20 mer

5’ AGAAAGAGCACCACTCGCAC 3’

Ext-R

21 mer

5’ GACAGTAATCTCACGGATCTC 3’

Table 7.3 Primers Used to Amplify the Paramyosin (Pmy) Gene in This Study. Where D = G or A or
T; Y = C or T; R = A and G; W = A and T; M = A or C; V= F or C or A (IUPAC codes).
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7.2.6.

PCR Amplification and Sequencing of Pmy Products

DNA was amplified in 25 µl reactions according to Section 2.3. Where the primers
were degenerate, 25 pmol of each primer was used and the MgCl2 concentration was
increased to 3 mM.

7.2.6.1.

Pmy-F and Pmy-R (840 bp)

Samples were heated to 94 ˚C for 3 mins followed by 50 cycles of 94 ˚C for 30 secs,
63 ˚C for 20 secs, 72 ˚C for 45 secs and a final cycle of 72 ˚C for 7 mins.

7.2.6.2.

Ext-F and Ext-R (Primary Nested PCR Reaction) (700 bp)

Samples were heated to 94 ˚C for 3 mins followed by 50 cycles of 94 ˚C for 30 secs,
58 ˚C for 20 secs, 72 ˚C for 45 secs and a final cycle of 72 ˚C for 7 mins.

7.2.6.3.

Int-F and Int R (Secondary Nested PCR Reaction) (625 bp)

1 µl of the primary PCR reaction was used as a template for the secondary nested PCR
reaction. Samples were heated to 94 ˚C for 1 min, followed by 50 cycles of 94 ˚C for
30 secs, 70 ˚C for 20 secs, 72 ˚C for 45 secs and a final cycle of 72 ˚C for 7 mins.

7.2.7.

Phylogenetic and Statistical Analysis of Pmy

Phylogenetic analysis was conducted using the methods outlined in Section 6.2.8
(Chapter 6). Statistical analysis was conducted on the sequences obtained from the PCR
fragment amplified with the nested Pmy primers using MEGA (Kumar, et al., 1993).
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7.3.

Results

7.3.1.

Sequence Analysis of Triosephosphate Isomerase (TPI) PCR Products

A 256 bp product was amplified from the Hymenolepis nana isolates M1 and M2, and
from H. microstoma, H. diminuta and H. citelli, using the primers TPI-F and TPI-R1
(results not shown).

Sequence analysis of this PCR product revealed a sequence

similarity of 99% between M1 (H. nana) and H. microstoma (sequence results not
shown). Due to this high sequence similarity between the two morphologically distinct,
taxonomically recognised species, it was believed that this small TPI fragment would
not discriminate between the putative ‘strains/subspecies’ of H. nana. The sequence
results obtained from the direct sequencing of the PCR product from M2, H. diminuta
and H. citelli were poor.

However, due to the belief that this fragment was not

phylogenetically informative for H. nana isolates, the PCR products from these isolates
were not cloned to improve them.

A larger PCR product, amplified from the TPI gene of H. nana isolates M1 and M2 and
from H. microstoma, H. diminuta and H. citelli, was assessed for its usefulness over the
shorter TPI fragment. Using the primers TPI-F and TPI-R2 in a ‘step-PCR’ (Section
7.2.4.2) multiple bands for all Hymenolepis spp. were produced, one of which was
approximately 1550 bp in size. This PCR product was smaller than the 1880 bp product
predicted from the Schistosoma mansoni sequence used to design the primers for
Hymenolepis, however, it was believed worthwhile investigating further and was
therefore excised from the gel, purified, cloned and sequenced according to the methods
outlined in Sections 2.3 and 2.5. When the sequence was submitted to the GenBank™
database for a BLAST search (blast@ncbi.nlm.nih.gov) it did not correspond with the
TPI gene and was therefore discarded. Due to the substantially smaller size of the
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remaining bands obtained from the step-PCR no further bands were cloned and
sequenced. The TPI gene was not assessed further for use in this study.

7.3.2.

Sequence Analysis of Paramyosin (Pmy) PCR Products

A PCR product of approximately 840 bp was obtained from the Hymenolepis nana
isolates M1, M2, M5, M6, H. microstoma, M3, H. diminuta and H. citelli using the
primers Pmy-F and Pmy-R (results not shown). This was approximately 100 bp larger
than the 743 bp fragment predicted from the Pmy gene sequence of E. granulosus. As
the sequence of the Pmy gene was unknown for Hymenolepis spp. prior to this study, it
was believed that a PCR fragment that was approximately 100 bp larger was likely to
reflect primary sequence differences between the two genera, rather than a non-specific
binding by the PCR primers. Because only a single, ‘clean’ band was amplified under
the optimised PCR conditions, this slightly larger PCR product was considered
worthwhile investigating further.

Direct sequencing of the approximately 840 bp PCR product, using the primers Pmy-F
and Pmy-R, was achieved with the H. nana isolates (M1, M2, M5, M6) the isolates of
Hymenolepis microstoma (Hm, M3), H. diminuta and H. citelli (Figure 7.3-Chapter
Appendix). Unambiguous sequence of 782 bp, 775 bp, 796 bp, 788 bp was obtained for
H. nana, H. microstoma, H. diminuta and H. citelli respectively. Direct sequencing of
the PCR product obtained, using the nested PCR primers of H. nana isolates H7, H13,
H14 and H. diminuta isolate H15, yielded poor results therefore the PCR products were
cloned according to the method outlined in Section 2.5 prior to sequencing with M13
primers. Sequence analysis of this PCR product confirmed that the size of the PCR
product was 625 bp which corresponded with the predicted fragment size using the
secondary primers, Int-F and Int-R (Figure 7.2).
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All the mouse isolates of H. nana, characterised at the Pmy locus, were from DNA
extracted from either adult worms or cysticercoids as no isolates from mouse faeces
could be amplified by PCR, even using a nested primer approach. In the final analysis,
three human isolates of H. nana collected from faeces were included.

7.3.3.

Inter and Intra-Individual Variation

At the genus level, inter-specific variation between Hymenolepis nana and the three
other hymenolepidid species, H. microstoma , H. diminuta and H. citelli was 91.1%,
81.8% and 83.4% respectively in the Pmy gene sequenced in this study (Table 7.4).

Species /
Isolate
M1
M2
M5
M6
H7c2
H13c2
H14
H15c4
H. diminuta
H. microstoma
M3
H. citelli
E. granulosis
T. solium

M1

M2

M5

M6

100
100
100
100
100
100
85.3
81.8
91.1
91.2
83.4
65.3
64.4

100
100
100
100
100
85.3
81.8
91.1
91.1
83.4
65.2
64.6

100
100
100
100
85.3
81.8
91.1
91.1
83.4
65.6
65.0

100
100
100
85.3
81.8
91.1
91.2
82.7
64.8
64.0

H7
c2

H13
c2

100
100
84.3
84.9
92.4
92.4
85.8
71.1
70.1

100
85.3
85.8
92.3
92.3
86.6
73.4
72.3

H14

84.3
84.9
92.4
92.4
85.8
71.1
70.1

H15
c4

99.6
88.0
88.0
95.7
75.6
75.4

Hd

Hm

M3

Hc

Eg

84.6
84.7
94.0
67.1
66.5

100
85.3 84.7
65.4 64.7 67.0
65.9 65.2 65.5 90.2

Table 7.4 Similarity Matrix of Hymenolepis spp. Paramyosin Gene (Kimura’s Distance).

Inter-individual variation between isolates of H. nana was not detected (Table 7.4).
Intra-individual variation (between clones), ascertained by sequencing several clones
from the same isolate, was either non-existent or extremely low within H. nana isolates
from humans. For example, in isolate H7 there were no intra-individual differences and
in isolates H13 and H14 the intra-individual variation was 0.1% and 0.9% respectively
(data not included). No calculation was possible for H15 because only one clone was
included. All mouse isolates were sequenced directly and no polymorphisms were
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detected in any sequence. In the region of the Pmy gene characterised in this study, it
was apparent that variation between H. nana and other Hymenolepis species was spread
right across the region sequenced (Figure 7.3-Chapter Appendix) however, there were
also concentrated regions of increased variation. A statistically significant increase,
using MEGA (Section 7.2.8) in sequence variation, was noted in two regions (1 – 90
and 580 – 640) (Figure 7.3-Chapter Appendix).

7.3.4.

Phylogenetic Analysis

7.3.4.1.

Paramyosin

Parsimony, distance and maximum likelihood (heuristic, quartet puzzling) analyses
produced trees with the same topology (Figure 7.4). Isolates of Hymenolepis nana
(human and mouse) possessed identical Pmy nucleotide sequences and were placed into
a single clade.

H. microstoma was placed as the closest relative of H. nana.

H. diminuta and H. citelli were placed into the same clade and formed a sister group to
H. nana/H. microstoma. The human isolate H15c4 was identified as H. diminuta based
on sequence similarity and phylogeny.

All of the nodes of the tree were very highly supported by bootstrap analysis using the
distance-based and ML methods (99 – 100%). Bootstrap analysis using parsimony
found high support (98 – 100%) for the grouping of the H. nana and H. microstoma but
lower support (80 – 82%) for the grouping of H. diminuta with H. citelli.

The

monophyly of Hymenolepis was highly supported (100%) with respect to the outgroups
used in the study.
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E.granulosis
T.solium
H14c1
100, 100, 100
H13c2
H7c2
M6
100, 98, 99

M5
M1
M2

100, 100, 100
Hm

100, 100, 100

M3
99, 80, 100

Hc
H15c4

100, 82, 99

Hd

0.1 nt substitutions /
site
Figure 7.4 Phylogram of Distance-Based Analyses Generated from the Sequences of the Paramyosin
Gene Region from Human (H) and Mouse (M) Isolates of Hymenolepis nana and from H. diminuta
(Hd), H. microstoma (Hm) and H. citelli (Hc). The cestodes Echinococcus granulosis and Taenia
solium were used as outgroups (GenBank™ accession numbers Z21787 and L13723 respectively).

7.4.

Discussion

The region of the TPI gene characterised in this study did not provide a phylogenetically
informative site in Hymenolepis nana. The TPI gene is approximately 12 Kb in size in
Schistosoma mansoni (dos Reis, et al., 1993) and only a small region of this was
characterised in Hymenolepis spp. The functional importance of the TPI enzyme in the
glycolytic pathway, suggests there would be conserved regions of DNA within the gene
that relate to its structural and functional integrity. These conserved regions of DNA
provide excellent regions for primer anchorage however, this high level of conservatism
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is only useful if interspersed with regions of variability. The presence of multiple
introns of variable sizes within the TPI gene of a range of species would provide highly
useful regions of DNA if they could be characterised.

Clearly, the small intron

characterised here (intron 1) did not provide the level of heterogeneity that was hoped
for.

The region of the Pmy gene characterised in this study yielded phylogenetically
informative data for the resolution of the relationships between H. nana, H. microstoma,
H. diminuta and H. citelli that corresponded with the relationships found using two
other genetic loci; the nuclear ribosomal ITS1 and the mitochondrial C01.
Unexpectedly, the Pmy region sequenced in this study did not yield phylogenetically
informative data to support the cryptic species hypothesis for H. nana, that was first
generated using the mitochondrial C01 locus. The conserved nature of the paramyosin
gene, at least in the regions chosen in this study, did not place the H. nana isolates into
separate clusters that corresponded to host origin, nor was there any phylogeographical
structure to the clustering of the mouse isolates from Portugal, Japan, Italy, and
Australia.

Because major difficulties were encountered when amplifying the Pmy gene from DNA
extracted from H. nana eggs in faeces (human and mouse), the size of the data set for
phylogenetic analysis of the Pmy gene was reduced in comparison with the number of
isolates characterised at the ITS1 and C01 loci (Chapter 6). Despite the difficulties
encountered, the low number of H. nana isolates included in the final phylogenetic
analysis was not considered a disadvantage for several reasons. The H. nana isolates
that showed the greatest genetic diversity at the C01 locus, M5 and M6, were included
for characterisation at the Pmy locus in this study. In addition, the rodent isolates, M1
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and M2, which also displayed some genetic differences in comparison with the human
isolates at the C01 locus (Figure 6.8, Chapter 6), were characterised at the Pmy locus.
The lack of heterogeneity between these four isolates suggested that it was unlikely that
other H. nana isolates, that showed minimal variation at the ITS1 and C01 loci, would
display greater genetic variation than M1, M2, M5 and M6, at least in the region of the
Pmy gene characterised here. It was, therefore, believed unlikely that an increase in the
number of H. nana isolates would alter the present phylogenetic outcome.

The failure to amplify the Pmy gene from DNA extracted from eggs in faeces from
mouse isolates, and all but four of the human isolates of Hymenolepis nana, even using
a nested PCR approach, was surprising but was postulated to be due to several reasons
including:
1)

The existence of Pmy as a low copy number gene (possibly single copy).

2)

Inadequate DNA template for the PCR reaction.

3)

Degradation of the DNA template used in the PCR reaction.

The copy number of the paramyosin gene in hymenolepidid species is not yet known.
However, given that it is a single copy gene in Schistosoma mansoni (dos Reis, et al.,
1993), S. japonicum (Hooker and Brindley, 1996) and Onchocerca gibsoni (Zhang and
Miller, 1995), it is highly probable that it is also present in single or low copy number in
Hymenolepis. The paramyosin gene has been characterised in Echinococcus granulosus
(Muhlschlegel, et al., 1993) and Taenia solium (Landa, et al., 1993) but no reference is
made to the copy number of the gene in these cestode species. PCR amplification of
DNA from a single Trichostrongylus egg (Gasser, et al., 1993) and marine invertebrate
egg (Cary, 1996) has been achieved by other researchers. However, in both these
instances amplification was of multiple copy ribosomal DNA genes (coding and non
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coding). Nested-PCR is a highly sensitive technique which has been proven to amplify
multi-copy ribosomal genes of the nematode Oesophagostomum bifurcum and the
protozoan Giardia duodenalis from minute quantities of DNA extracted from faeces
(Verweij, et al., 2000; Ghosh, et al., 2000). In this study however, the use of DNA from
28 human and nine mouse isolates of H. nana that had previously amplified the ITS1
locus (such as H2, H4, H5, H9, H10, M9, M10, M11 etc) failed to amplify the Pmy
gene, despite using a more sensitive nested PCR. The failure to amplify a product from
the Pmy gene suggests that single, or low copy genes are very difficult to amplify from
minute quantities of egg DNA.

The poor amplification rate of the Pmy gene from egg DNA tested in this study (34
human and 17 mouse in total), was also postulated to have been due to an inadequate
quantity of template DNA or possibly the degradation of DNA upon long term storage
at –20 ˚C. This would appear unlikely in the present study, however, for the following
reason. DNA extracted from H. nana eggs in seven human and four mouse faecal
samples (including for example, M16, M18, M19), that failed to amplify using the
nested Pmy primers in this study, were subsequently used as a template in the successful
amplification of a small region of the ribosomal intergenic spacer region (IGS) some
months later (Chapter 8). Thus, inadequate or degraded DNA could not be the reason
for the failure to amplify the Pmy gene, at least in those 11 samples.

The detection of H. diminuta in a human host (H15c4) by molecular characterisation of
the paramyosin gene in this study was unexpected, but not without precedence. As
discussed in Chapter 1, humans may be infected with H. diminuta however, this is
believed to be rare and generally accidental (Schantz, 1996; Andreassen, 1998).
Examination of over 160 faecal samples collected from 1994 to 1997 for this study did
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not detect H. diminuta, by microscopy, in any faecal sample. According to Tena et al.
(1998) of the seven cases of H. diminuta infection in humans that have been reported in
Spain, all have been in children. In addition, only 48 cases have been reported in the
United States of America since 1965 (see Tena, et al., 1998 for references). In this
study, the sample H15 was collected from a six year old female child, further supporting
the findings of Tena et al. (1998).

The eggs of H. diminuta are easily distinguishable from H. nana because they lack the
characteristic polar filaments of the latter. The eggs are also usually larger than H. nana
although this alone is not a reliable diagnostic feature. The failure to detect H. diminuta
eggs by light microscopy in the faecal sample collected from H15, may have been due
to a very low egg load as a result of intermittent shedding of eggs by the tapeworm
(Schantz, 1996).

The lack of detection of H. diminuta eggs by light microscopy does not rule out its
presence in the faecal sample however, as ‘false-negatives’ by light microscopy are
known to occur with other parasites (Morgan, et al., 1998a).

It is probable that

detection, by microscopy, would have occurred if repeat samples, collected over
consecutive days were examined by microscopy. The transmission of a parasite from
rats to humans is of public health significance (Tena, et al., 1998) however, it appears
that the incidence of this infection is negligible within the communities surveyed in the
current study.

In the present study, the principle aim was to characterise a third genetic loci to further
test the “cryptic species hypothesis” of H. nana generated by the data from the ITS1 and
C01 loci (Chapter 6).

The data from both the triosephosphate isomerase and
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paramyosin genes did not refute this hypothesis, however, it did not add further support
for it. In the future it may be worthwhile targeting another region of the Pmy gene.

As discussed, discrete regions of statistically significant variability that existed in the
region of the Pmy gene sequenced could possibly be exploited in future studies,
especially in the region upstream (5’) of the start of the Pmy sequence generated in this
study. To further test the ‘cryptic species hypothesis’, another gene that is variable
enough to detect differences between H. nana isolates, especially those which displayed
substantial genetic variation at both the ITS1 and C01 loci (eg M5 and M6), should also
be considered for future work.
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7.5.

Appendix

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

-------TGGAGAACCTTAGGTGAATTATTTTCT--TACTTTTTAC-TTTTAAGTAGTAA 60
--------····················································
--------····················································
-GACGAA·····················································
--------·········C····A·······CCT··········A·-···········C··
A·ACGAA··········C····A·······CCT··········A·-···········C··
-ACGAAC··········CG···T--·····CCACAC·······ATTCG·A···AA·····
--------T·GAT·T··C····C·G···A·CCACGC·······ACTT··A·······C··
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M1
M2
M5
M2
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

TTCAGTTTTAATTTCGAATCCTACTTTGCAGAAAGAGCACCACTCGCACTATTGAGGAGC 120
····························································
····························································
····························································
············G··A···T··GT···AT··············C·····C·········T
············G··A···T··GT···AT··············C·····C·········T
···········AAAT··TT·T·G····A·····················C·········T
ACT·A······A·GG··T··T·G····AT····················C·········T
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Nested Int-F

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

TGACCACCACCATTTCTGAGATGGAGGTCAGATTTAAGTCAGATATTTCACGACTTAAGA 180
····························································
····························································
····························································
········································T········T··········
········································T········T··········
··································C·····T·····G··C··T·······
··································C·····T·····G··C··T·······
-----------·······················C·····T·····G··C··T·······
-----------·················································
-----------·················································
-----------·················································
*********************** ***** ***** ** ** *******

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

AGAAGTACGAGGCTACCATCAATGAATTGGAAATCCAACTCGATGTTGCTAACAAAGCTA 240
····························································
····························································
····························································
····A·····························T········C·····C··········
····A·····························T········C·····C··········
····A·····························T··············C········C·
·······························G··T·······················C·
·······························G··T·······················C·
····························································
····························································
····························································
**** ************************** ** ******** ***** ******** *

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

ATGCTAACCTCAATCGTGAGAACAAGAACCTTGCCCAACGCGTCCAAGAGCTCACCGTCT 300
····························································
····························································
····························································
·C··T······················G·····················A·····T····
·C··T······················G·····················A·····T····
···························G···C·················A··T··TT·GG
···························G···C·················A··T··T··GG
···························G···C·················A··T··T··GG
····························································
····························································
····························································
* ** ********************** *** ***************** ** ** *
CTCTTGAAGATGAACGTCGTTCCCGTGAGGCCGCTGAAAGCAATCTCCAAGTCAGCGAAC 360
····························································
····························································
····························································
······················T·····A·················T·····T·····G·
······················T·····A·················T·····T·····G·
····················G·T·················T·················G·
················C···G·T·················T·····T···········G·
················C···G·T·················T···T·T···········G·
····························································

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
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H13c2
H14c1

····························································
····························································
**************** *** * ***** *********** *** * ***** ***** *

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

GCAAGCGCATTGCTCTTACCTCAGAGCTGGAAGAGATTCGTAGCCAACTTGAGCTTAGCG 420
····························································
····························································
····························································
·············C··C·····G········G····························
·············C··C·····G········G····························
·T··A·····C·····C·····G···A····························G····
·T··A···········C·····G···A····························G····
·T··A···········C·····G···A····························G····
····························································
····························································
····························································
* ** ***** ** ** ***** *** **** *********************** ****

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

ACCGTGCTCGCAAGAATGCTGAATCCGAGCTCAATGATGCCACCACTCGTATCTCCGAGT 480
····························································
····························································
····························································
·T·················C·····T·····························T····
·T·················C·····T·····························T····
·························T················A·T··········T···C
····C····················T········C·······A·T··········T···C
····C····················T········C·······A·T··········T···C
····························································
····························································
····························································
* ** ************** ***** ******** ******* * ********** ***

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

TGACCATGACTGTCAATACACTCACAAATGATAAGCGTCGTCTTGAGGGAGACATTAGTG 540
····························································
····························································
····························································
·A··T···········CT·······C·····C····························
·A··T···········CT·······C·····C····························
·C·A············CT·······C·············A················G···
·C·A············CT·······C··························T···G···
·C·A······C·····CT·······C··························T···G···
····························································
····························································
····························································
* * ***** ***** ******* ***** ******* ************ *** ***

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

TCATGCAGGGTGATCTCGACGAGGCTGTCAATGCTCGCAAGGTCCGTATCGGTGTAAATG 600
····························································
····························································
····························································
··················································T·········
··················································T·········
················T··T·····C···········G·····GA·····T··T···G··
················T········C···········G·····GA··G··T··A···GC·
················T········C···········G·····GA··G··T··A···GC·
····························································
····························································
····························································
**************** ** ***** *********** ***** ** ** * *** *

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

CTAAATAGACGTCTTTGGTTTCAAATATATTTCATAAATTTTGTTTTATAGGCTGCTGAG 660
····························································
····························································
····························································
·G·······A·····CT····T··T·GAG··A·TC·······A··--·············
·G·······A·····CT····T··T·GAG··A·TC·······A··--·············
AA···C·T·AAAT·ACTA····G·T·TA·G·A·TGGC········--············A
AA···C·CGAAAT·AATA···TG·T·TA·G·A·TG·C·····A··--············A
AA···C·CGAAAT·AATA···TG·T·TA·G·A·TG·CG····A··--············A
····························································
····························································
····························································
*** *
*
*** * *
* *
**** ** ************

M1
M2
M5
M6
Hm

GACCGTGCTGATCGCTTGAATGCCGAAGTTCTTCGCCTGGCTGATGAATTGCGTCAAGAA 720
····························································
····························································
····························································
·······················T···········T························
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M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

·······················T···········T························
·······················T··G········TT·············A·········
····················C··T··G········TT·······················
····················C··T··G········TT·······················
····························································
····························································
····························································
******************** ** ** ******** ************* *********

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

CAGGAGAACTA-CAAGCGTGCTGAAACTCTTCGCAAACAGCTCGAGATTGAGATCCGTGA 780
····························································
····························································
····························································
·······································A····················
·······································A····················
········T··A···························A····················
········T··A···························A·····A··············
········T····························----------------------·····································----------------------·····································----------------------·····································----------------------·····································
******** ** *************************
Nested Int-R

M1
M2
M5
M6
Hm
M3
Hc
Hd
H15c4
H7c2
H13c2
H14c1

GATTACTGTCAAG------------- 806
·············------------·············TTGG--------·············TTGGA-------··········---------------·············T-----------·············------------·············TTAGAAGAGGCTG
-----------------------------------------------------------------------------------------------------

Figure 7.3 Sequence Alignment of the Pmy Gene Amplified Using Pmy-F and Pmy-R Primers
From H. nana (782 bp) (adult worms) (M1, M2, M5, M6), H. microstoma (775 bp) (Hm, M3), H.
diminuta (796 bp) (Hd) ,H. citelli (788 bp) (Hc) and From Human Isolates of H. nana (eggs in faeces)
using nested PCR primers Ext-F/Int-F and Ext-R/Int-R (H7, H13, H14 and H15). When isolates
were cloned, a representative sequence for that isolate is used. Where ·= sequence identical with M1 (H.
nana); * = sequence homology across all species; - = represents regions of DNA not sequenced (5’ and 3’
ends or smaller nested PCR fragment), or gaps inserted for alignment between species; shaded areas
represent statistically significant regions of increased sequence variation between Hymenolepis spp.

Characterisation of Community-Derived Hymenolepis Infections in Australia

144

Chapter 8 Genetic Characterisation of the Ribosomal Intergenic Spacer in Hymenolepis

8. GENETIC CHARACTERISATION OF THE RIBOSOMAL
INTERGENIC SPACER IN HYMENOLEPIS
8.1.

Introduction

A major aim of this study was to develop a molecular tool that would enable a better
understanding of transmission patterns of Hymenolepis nana within local endemic
communities. To date, our understanding of the dynamics of transmission of H. nana
has been limited to a small number of studies conducted overseas. As discussed in
Chapters 1 and 3, both Ferretti et al. (1981) and Al-Baldawi et al. (1989) failed to infect
laboratory mice with H. nana isolates from human hosts. Whilst the findings of both
these studies provide strong support for the hypothesis of host specificity of H. nana,
they fall short of addressing the complex issue of the epidemiology of infection between
groups of individuals living in the same locality. Furthermore, the small number of
isolates used, combined with a lack of information about their host specificity, makes it
difficult to extrapolate to the situation in Australian communities.

In the present study, an attempt to address some of the uncertainties surrounding
transmission between rodent and human hosts was made by developing a molecular tool
that would enable the “fingerprinting” of isolates of H. nana and thus, be capable of
tracing particular genotypes within a given population. There are a number of candidate
molecular techniques that have been used successfully to discriminate between parasites
to the level of species and below, including to the level of genotype. These include:
1.

Isoenzyme electrophoresis (Chilton, et al., 1992; Isaac-Renton, et al., 1993;
Meloni, et al., 1995).

2.

Genomic restriction fragment length polymorphism (RFLP) (Curran, et al., 1985).
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3.

Nuclear karyotyping using pulse field gel electrophoresis (PFGE) (Isaac-Renton,
et al., 1993) or contour-clamped homogenous electric fields (CHEF) (Hide and
Tait, 1991).

4.

Hybridisation techniques such as ‘dot blots’ (Zarlenga and Barta, 1990), in situ
hybridisation (Barker, 1989) and Southern blotting (McManus and Simpson,
1985; Hide, et al., 1991).

5.

Random amplified polymorphic DNA (RAPD) cf (Morgan, et al., 1993; Chacon,
et al., 1994; Nadler, et al., 1995; Gomes, et al., 1995).

6.

Amplified fragment length polymorphism (AFLP) (Vos, et al., 1995; Lin, et al.,
1996).

7.

Single-strand conformation polymorphism (SSCP) (Gasser, et al., 1998).

8.

Minisatellites (Archibald, et al., 1991; Macedo, et al., 1992).

9.

Microsatellites (Zarlenga, et al., 1996; Walton, et al., 1997).

10.

PCR-RFLP cf (Bowles and McManus, 1994; Ramachandran, et al., 1997;
Morgan, et al., 1999).

Although these molecular techniques have provided the tools for discrimination to the
level of species and below for various parasite taxa, there are a number of disadvantages
to each method that preclude their usefulness for studies on Hymenolepis. Many of
these methods are relatively time consuming (Barker, 1989) and, with the exception of
RAPD’s, SSCP, microsatellites and PCR-RFLP, require large quantities of DNA (see
for instance reviews by Barker, 1989; Hide and Tait, 1991). To obtain sufficient
quantities of DNA for these methods culturing of the parasite may be required, a
disadvantage when the parasite is refactory to in vitro culture (Meloni and Thompson,
1987). As discussed in Chapter 1 (Section 1.12.1), in vitro cultivation of H. nana has
been achieved (Seidel and Voge, 1975) however, the techniques are very labour
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intensive and difficult to reproduce (Sinha and Hopkins, 1967), rendering this approach
highly problematic for this study.

The most useful fingerprinting techniques are those that can be linked to the polymerase
chain reaction, thus obviating the requirement for large quantities of DNA. Whilst this
applies to RAPD analysis, the technique is non-specific and also highly sensitive to
contamination and thus, is not usually suited to DNA extracted from eggs in faeces
(Morgan, 1995). Whilst AFLP’s are less sensitive to non-specific amplification of
contaminating species than RAPD’s, the requirement for relatively large quantities of
DNA (0.2 – 1 µg) is problematic for studies in which this is a limiting factor.
Minisatellites, which consist of repeating motifs of between 10 – 100 nucleotides,
provide hypervariable markers that can distinguish between individuals and are
generally believed to be more informative than genomic RFLP. However, minisatellites
are believed to be mostly located at the chromosome telomeres and thus, a large portion
of the genome is uncharacterised (Rapley and McDonald, 1992).

Another method that has only recently been applied to parasite species is single-strand
conformation polymorphism (SSCP). The success of SSCP as a fingerprinting tool is
however, largely dependent on the size of the PCR product, whereby the rate of
mutation detection decreases when the PCR fragments are larger than 200 bp (Gasser,
1998). A disadvantage of the application of this technique to fingerprinting H. nana
isolates is that it relies on the selection of the most variable region of DNA under
200 bp. The technical optimisation of this technique was considered a disadvantage for
its use in the current study, as it required the use of a radioactive tag, or silver staining,
following electrophoresis of the fragments in a polyacrylamide gel. In practice, any
polymorphic variants visualised by staining would normally be excised from the gel and
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sequenced to identify the nature of the variation (reviewed by Groth and Wetherall,
2000). This reduces the cost effectiveness of the technique and increases the labour
intensity.

Microsatellites, or simple sequence repeats (SSRs) are tandemly repeated short
sequence motifs of 2-4 nucleotides that have been documented to exhibit high levels of
polymorphism between individuals of a population (Edwards, et al., 1996; Hamilton,
et al., 1999). The use of microsatellite markers for fingerprinting Hymenolepis isolates
was a molecular tool considered to have potential as only small amounts of DNA are
required (Cheung and Nelson, 1996); it is linked to PCR and does not suffer from the
disadvantage of contamination risk as do RAPD’s. Furthermore, microsatellites are
known to be ubiquitous in eukaryotes (Weising, et al., 1995) making them highly likely
to be present in Hymenolepis spp.

Traditionally however, unless some sequence

information is available for the regions flanking the repeat unit, the use of microsatellite
markers as a fingerprinting tool requires both the creation and screening of a genomic
library, usually with radiolabelled di-, tri- or tetranucleotide repeat units, followed by
sequencing of positive clones (Weising, et al., 1995). This is generally laborious, time
consuming and expensive (Rico, et al., 1994). A further disadvantage, outlined by Rico
et al. (1994), is the level of polymorphism in microsatellites which is believed to be
proportionately related to the length of the repeat unit. Thus, the longer repeats are
likely to more informative, yet determining the flanking sequences of these longer
repeats is technically more difficult, thought to be due to the formation of secondary
structures between complementary sequences (Stallings, et al., 1991).

Evaluation of the advantages and limitations of techniques available identified one
technique, PCR-RFLP, as the fingerprinting tool that met many of the desired criteria
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for fingerprinting isolates of Hymenolepis, including the requirement for minimal DNA
and its linkage to PCR. In addition, it was considered relatively inexpensive and
technically simple to use. A critical factor, however, in the application of this technique
for the tracking of isolates of Hymenolepis nana in local endemic communities, was to
select a region of DNA that is highly variable. Furthermore, for the region to be useful
for fingerprinting it must preferably be under low selective pressure (Hide and Tait,
1991) and not be evolutionarily too conserved (Hillis and Dixon, 1991). Thus, coding
genes are unlikely to provide the level of heterogeneity required. In contrast, noncoding genes and introns, are less likely to be under the same levels of constraint
(McManus and Bowles, 1996) and, therefore, may be accumulating mutations at a faster
rate, making these regions potentially highly useful for fingerprinting studies. For
example, whilst PCR-RFLP characterisation of enzyme coding genes in the protozoan
parasite Giardia duodenalis could distinguish isolates into four ‘major’ genetic groups
(Monis, et al., 1996; Baruch, et al., 1996), the use of a non-coding spacer region within
ribosomal DNA was needed to characterise isolates of Giardia below the level of these
four groups (Hopkins, et al., 1999).

As discussed in Chapter 1, the ribosomal genes usually consist of a series of tandemly
arranged repeat units, comprising both transcription units and spacer regions (Long and
Dawid, 1980) (Figure 8.1).

The ribosomal genes may be located on homologous

chromosomes in closely related species, or they may be located on more than one
chromosome in different species, including both the X and Y chromosomes (Long and
Dawid, 1980). As summarised in Chapter 1, the rates of evolution of the ribosomal
genes vary substantially between the coding genes and non-coding spacer regions
between them (Hillis and Dixon, 1991). Of the spacers, the IGS is the most rapidly
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evolving region within the rDNA repeat unit (Hoshikawa, et al., 1983), which originally
suggested its functional importance may be low (Long and Dawid, 1980).

Interestingly, there is some discrepancy in the literature regarding the nomenclature
used to describe the intergenic spacer region (IGS) in eukaryotic organisms. Some refer
to the IGS as the entire spacer region that links the two coding genes, the 28S and 18S
gene, which comprises both a non-coding region referred to as the non-transcribed
spacer (NTS) and a small coding region, the external transcribed spacer (ETS) (Figure
8.1) (cf Kane and Rollinson, 1998; Polanco, et al., 2000). Others consider the term IGS
to be synonymous with the term non-transcribed region (NTS) (Hillis and Dixon, 1991).
Dover et al. (1982) describes the IGS as being “for the most part, not transcribed”
suggesting these authors consider the IGS also contains regions that are transcribed,
which is further supported by their more recent work (Polanco, et al., 2000). For the
purposes of this thesis, the IGS is considered to comprise both the non-transcribed and
the transcribed regions, the NTS and ETS, respectively.

28S

NTS

IGS

ETS

18S

5.8S

ITS1

28S

ITS2

Figure 8.1 Structural Organisation of the Eukaryotic Ribosomal DNA Tandem Repeat Unit. The
intergenic spacer (IGS) region comprises both the non-transcribed spacer (NTS) and external transcribed
spacer (ETS) (Adapted from Dover, et al., 1982; Hillis and Dixon, 1991).

The role of the spacer regions is not well understood. However, Federoff (1979)
suggested they may exist for “equilibrium” of the gene clusters and may contain
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sequences that “initiate, terminate and regulate gene expression”. Moss (1983) also
proposed that the NTS may act as a site for RNA polymerases to bind and thus, is likely
to play an “active transcriptional role” in eukaryotic species such as Xenopus spp. and
Drosophila melanogaster. More recently, studies demonstrate that the IGS is involved
in rDNA transcription as well as in X-Y chromosome pairing in Drosophila
melanogaster (Polanco, et al., 2000), thus supporting the earlier theories of Federoff
(1979) and Moss (1983). Like the transcribed spacers, amplification of the IGS by PCR
is facilitated because it is flanked on either side by coding ribosomal genes, the 18S and
28S, which provide useful regions for the design of conserved oligonucleotide primers.

Examination of the literature reveals that many researchers have successfully used the
non-coding spacer regions of ribosomal DNA to distinguish between closely related
organisms, including plant species (Cuellar, et al., 1996; Cluster, et al., 1996), yeasts
(McCullough, et al., 1998), fungal pathogens (Pecchia, et al., 1998; Radford, et al.,
1998; McCullough, et al., 1999) and parasite species including Leishmania (Ramirez
and Guevara, 1987; Guevara, et al., 1992), trypanosomes (Novak, et al., 1993),
strongyloid nematodes (Kaye, et al., 1998) and schistosomes (Kane and Rollinson,
1998). Furthermore, these non-coding spacer regions have proven to be highly useful
for the characterisation of within-species heterogeneity such as the identification of
strain types I to III in Encephalitozoon cuniculi (Didier, et al., 1995) and for
fingerprinting isolates of Trypanosoma cruzi that are described as ‘strains’ by Gonzalez
et al. (1994). In addition, virulent and non-virulent ‘strains/variants’ of Toxoplasma
gondii have also been distinguished using this region of rDNA (Fazaeli, et al., 2000).

In the present study, a major aim was to evaluate the potential of the ribosomal
intergenic spacer (IGS), as a region of DNA that could be useful for the development of
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a fingerprinting tool capable of distinguishing between H. nana isolates from rodent and
human hosts. In Chapter 6, substantial variation was found within the multi-copy
ribosomal internal transcribed spacer 1 (ITS1) in many H. nana isolates, regardless of
their host of origin or geographical location, rendering this region of DNA problematic
for answering questions about speciation and host specificity. The high levels of intraindividual variation seen in the ITS1 of H. nana (Chapter 6) were not, however,
necessarily expected to be present in the IGS. For instance, Cupolillo et al. (1995)
documented high levels of variability in the internal transcribed spacers (ITS) of species
of Leishmania, yet minimal sequence heterogeneity has been observed in the IGS of
Leishmania (Ramirez and Guevara, 1987; Guevara, et al., 1992). Similarly, contrasting
patterns of homogenisation were found to occur in the two ribosomal spacer regions, the
ITS and the IGS, of the same rDNA unit in Drosophila melanogaster (Polanco, et al.,
1998). This contrasting homogenisation between the ITS and IGS in Drosophila has
recently been proposed to be due to a single-strand genetic exchange mechanism at the
IGS regions of the X and Y chromosomes. It is believed that the promoter, the ETS
region and some of the IGS repeat units, are exchanged between chromosomes whilst
the remainder of the IGS evolves separately (Polanco, et al., 2000). These findings in a
eukaryotic species suggest that the high levels of intra-individual variation in the ITS in
H. nana may not necessarily be present in the IGS.

At the commencement of this study, there was no sequence information available for the
intergenic spacer region (IGS) region of H. nana, nor any other hymenolepidid species,
as this region had not been sequenced by others. The first aim was, therefore, to
sequence the entire IGS of three hymenolepidid species, H. nana, H. diminuta and
H. microstoma, in order to generate the primary sequence data for all three species. By
comparing the IGS of all three hymenolepidids, the most hypervariable region within
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the IGS could then be identified. The second aim was to use PCR-RFLP on a small
portion of a hypervariable region as a fingerprinting tool for isolates, collected within
local endemic communities, to determine transmission patterns of Hymenolepis. In
addition, isolates of H. nana were collected from rodent hosts within Australia, as well
as overseas, for comparison with the human isolates.

8.2.

Materials and Methods

8.2.1.

Source and Collection of Parasite Material

Reference isolates of Hymenolepis nana, H. diminuta, H. microstoma and H. citelli
adult worms were obtained according to the methods outlined in Section 2.1.1.
Mouse isolates of H. nana were obtained according to the methods outlined in
Section 2.1.1.

Human faecal samples were obtained according to the methods

outlined in Section 2.1.2. A summary of the samples characterised at the IGS locus
is listed in Table 8.1.

8.2.2.

Purification of Genomic DNA From Adult Worms (Reference Isolates)

Genomic DNA was purified from either adult worms or cysticercoids of Hymenolepis
nana, H. diminuta, H. microstoma and H. citelli using the method outlined in Section
4.2.2.

8.2.3.

Purification of Human and Mouse Faeces for DNA Amplification

DNA was purified from human faecal samples as described in Sections 5.2.3 and
5.2.4.6 and from mouse faecal samples as described in Section 5.2.5.1.
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Species

Code

Host

Source

Mouse

Sample
Type
Adult Worm

AI

Geographical
Location
Japan

H. nana

M1

H. nana

M2

Mouse

Cysticercoids

MC

Italy

H. nana

M5, M6

Mouse

Adult Worms
(proglotids)

JB

Quinta de Sao Pedro,
Portugal

H. diminuta

Hd

Rat

Adult Worm

MUPTR

Perth, Australia

H. microstoma

Hm

Mouse

Adult Worm
(proglottids)

JB

United Kingdom

H. nana

H1, H3, H6, H7,
H12-H36

Human

Eggs in faeces

MUPS

North-west Western
Australia

H. nana

M16-M25

Mouse

Eggs in faeces

GS

Victoria, Australia

H. nana ∆

M26-M31

Mouse

Adult worms
(proglottids)

JB

Quinta de Sao Pedro,
Portugal

Table 8.1. Source of Parasites and Their Geographical Location Used in This Study. Where ∆ =
later identified as H. microstoma by PCR-RFLP of small IGS product; AI = Dr. Akira Ito, Gifu
University, Japan; MC = Dr. Margherita Conchedda, Universita degli Studi di, Cagliari, Italy; JB = Dr.
Jerzy Behnke, University of Nottingham, UK and field trips Portugal; MUPTR = Murdoch University
Parasitology Teaching Resource; MUPS = Murdoch University Parasite survey; GS = Dr. Grant
Singleton, CSIRO, NSW, Australia.

8.2.4.

Primer Design for rDNA Intergenic Spacer (IGS) of H. nana,
H. diminuta and H. microstoma

As there was no sequence data available for the 3’ end of the 28S gene for
hymenolepidid species a conserved “universal” forward primer “28aa” (Hillis and
Dixon, 1991), located at the 3’ end of the 28S gene, and a conserved reverse primer,
designated 18SRe (Table 8.2), located at the 5’ end of the 18S gene, were used to
amplify the entire ribosomal intergenic spacer region (IGS) of all three hymenolepidid
reference isolates, H. nana, H. diminuta and H. microstoma. Because the size of the
intergenic spacer region of hymenolepidid species was unknown prior to this study, the
size of the PCR product could only be predicted, based on the size of the IGS for other
closely related species, including Schistosoma spp. (2058 bp) (Kane and Rollinson,
1998).
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8.2.5.

PCR Amplification, Cloning and Sequencing of rDNA IGS of H. nana,
H.diminuta and H. microstoma

DNA was amplified by PCR in 25 µl reaction volumes as described in Section 2.3 using
the primers 28aa and 18SRe. Samples were heated to 94 ˚C for 50 secs, followed by
35 cycles of 94 ˚C for 30 secs, 50 ˚C for 40 secs, 72 ˚C for 3 mins and a final cycle of
72 ˚C for 7 mins. The large PCR fragment generated from these primers was purified
and cloned according to the methods outlined in Sections 2.5 and 2.6. Three positive
clones containing the IGS inserts were sequenced according to the methods outlined in
Section 2.3 using universal M13 primers. Based on the sequence information generated
from these primers a second pair of conserved primers, designated IGS-2F forward and
IGS-2R reverse (Table 8.2), were designed to sequence further into the PCR product.

Name of
Primer
All three species
28aa
18SRe
IGS-2F
IGS-2R
IGS all-3R

Size of Primer
(bp)

Sequence

19 mer
20 mer
24 mer
25 mer
27mer

5’ AGGTTAGTTTTACCCTACT 3’
5’ GCGATCTGTAACAATTATCC 3’
5’ GACGTGAGTATTCGAGCAGCTATC 3’
5’ TTGAGACAAGCATATGACTACTGGC 3’
5’ CTGRTGAGCTAGGYACCACGCC 3’

H. nana only
Hn-3F
Hn-4F
Hn-4R
Hn-5R
Hn-6R

27mer
25 mer
24 mer
24 mer
25 mer

5’ ACTGATCAGATAATCAGTGAATAGTTG 3’
5’ TGAGCCAACTCAATGATTGTCTAAG 3’
5’ CAAGGCACGGCTACACAACTGAAC 3’
5’ GGTAGAATATGGTGAAATAAACTC 3’
5’AGCCCGAATCACCCATTCAATTCCC 3’

H. microstoma only
Hm-3F
Hm-4F
Hm-4R
Hm-5F
Hm-5R

22 mer
22 mer
24 mer
24 mer
25 mer

5’ TTGGCTCATCCATTCATTCGTTAGTTC 3’
5’ TAGGAGGAGGCTAGAGCCTTGG 3’
5’ CGAATGCTGTATTTGCATGCAAGG 3’
5’ GAAATATACTGCATTCCACTTGCC 3’
5’ CCAAATCATTCATTAAATTGACACG 3’

H. diminuta only
Hd-3F
Hd-4F
Hd-4R

26 mer
27 mer
23 mer

5’ GCCTATGTAATTGTACAACAGGCTTG 3’
5’ CTTCAAATGGATCTTTTCTGTATTAAG 3’
5’ GTACCTAACCGTCGCTACGATAG 3’

Table 8.2 Primers Used to Sequence the IGS of H. nana, H. diminuta and H. microstoma. (Where
28aa primer is from Hillis and Dixon, 1991).
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This strategy, used successfully previously in this study (Chapter 6), was continued with
a further 4 sets of primer pairs to complete the sequencing of the 3180 bp - 4106 bp
cloned inserts. As sequencing continued further into the IGS PCR product, the design
of species-, rather than genus-specific, primers was required due to the extent of
sequence divergence between the species. Because the size of the cloned IGS insert was
different between the three hymenolepidid species, the number of primers needed to
complete the sequencing of the IGS of each species also varied between them. The
primers used to sequence the IGS in each hymenolepidid species are outlined in Table
8.2 and the sequencing approach used (‘primer walking’) is represented schematically in
Figure 8.2.
5’

(a)

(b)

(c)

5’

3’
28S

28S

28S

3’
18S

18S

18S

Figure 8.2. ‘Primer Walking’ Strategy Used to Sequence the Entire Intergenic Spacer Region (IGS)
in (a) Hymenolepis nana (3924 bp Sequenced; IGS= 3045 bp), (b) H. diminuta (3180 bp sequenced;
IGS = 2301 bp), (c) H. microstoma (4106 bp sequenced; IGS = 3227 bp).
Unique primers for H. nana depicted by green arrows
Unique primers for H. diminuta depicted by blue arrows
Unique primers for H. microstoma depicted by purple arrows
Common primers used to sequence all three depicted in red, yellow and orange
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8.2.6.

PCR-RFLP Primer Design and PCR Amplification of 867 bp RFLP
Fragment (H. nana only)

When sequencing of the IGS of all three hymenolepidid species was achieved, the aim
was to select a highly variable region that would be amenable to PCR amplification for
further analysis, using restriction fragment length polymorphism (PCR-RFLP).
Examination of the entire IGS of all three hymenolepidids identified a hyper-variable
region at the 5’ end of the IGS. This was selected for further characterisation by PCRRFLP and primers were designed to amplify only a small, 867 bp product, within this
region (Figure 8.3).

IGS

28S

867b

18S

5.8S

ITS1

28S

ITS2

Figure 8.3. Schematic Representation of the PCR Amplification of the Small PCR-RFLP Product
(867 bp) in the Variable 5’ Region of the Intergenic Spacer Region (IGS) Using the Nested Primers
Ext-F, Ext-R and IGS-2F and Hn-RFLP-R.

To avoid the problems of spurious bands in the PCR-RFLP profiles, as a result of mixed
parasite infection, the primers for the IGS PCR-RFLP fragment were designed to be
highly specific for only Hymenolepis nana only, by comparing the sequences of the
three species. Some difficulties were initially encountered when PCR amplification was
attempted on DNA extracted from faecal samples using a standard, one step, PCR
reaction. Therefore, due to its improved sensitivity, a nested PCR was used instead. An
external nested forward and reverse primer, designated EXT-F and EXT-R respectively
(Table 8.3) was designed from the initial IGS sequence data obtained from H. nana
described in this Chapter (Section 8.3.1). The previously designed primer IGS-2F
(Table 8.2) was used as the nested internal forward primer and a new internal reverse
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Primer Sets
EXT-F

Primer
Length
21 mer

Sequence
5’ ACAAAATCGTTTGTAAACGAC 3’

EXT-R

19 mer

5’ CTCTCAACCAATCATAGCC 3’

IGS-2F

24 mer

See Table 8.2

Hn-RFLP-R

24 mer

5’ CTTAAACAATCATTGAGTTGGCTC 3’

Table 8.3 Nested IGS PCR-RFLP Primers Used to Amplify the 867 bp IGS Product in H. nana
Isolates.

primer, designated Hn-RFLP-R (Table 8.3), was also designed from the sequence
generated for H. nana in this study. DNA was amplified in 25 µl PCR reaction volumes
according to the method outlined in Section 2.3, except that two PCR master mixes
were prepared, the primary using the external primers and the secondary using the
internal primers (Table 8.3).

In the primary PCR reaction, samples were heated to

94 ˚C for 3 mins followed by 55 cycles of 94 ˚C for 30 secs, 63 ˚C for 30 secs, 72 ˚C for
1 min and a final cycle of 72 ˚C for 7 mins. Following PCR amplification of the
primary reaction, a 2.5 µl aliquot from the primary reaction was added to the secondary
PCR mix as the ‘DNA’ template. In the secondary PCR reaction, samples were heated
to 94 ˚C for 1 min followed by 55 cycles of 94 ˚C for 30 secs, 66 ˚C for 30 secs, 72 ˚C
for 45 secs and a final cycle of 72 ˚C for 7 mins.

8.2.7.

Specificity Testing of IGS PCR-RFLP Primers

The nested PCR-RFLP primers were tested extensively for specificity by performing
PCR reactions under the same conditions against DNA extracted from reference
isolates of Hymenolepis diminuta, H. microstoma, H. citelli, Giardia duodenalis,
Cryptosporidium parvum, Tritrichomonas foetus, Escherichia coli and normal
human faeces.
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8.2.8.

PCR-RFLP of Small IGS Fragment Generated by Nested Primers

Expected restriction fragment sizes for the small IGS product were determined using
DNA Strider™ 1.0 (Table 8.4). Unpurified PCR products (867 bp) were digested
overnight with the restriction enzyme Hha I (New England Biolabs (NEB), Maryland,
USA), using buffers recommended by the manufacturer. A 3 µl aliquot of the PCR
product was added to a reaction containing 2 µl digestion buffer, 10 units of restriction
enzyme and sterile ultra-pure H20 (Fisher Biotech, Perth, Australia) to a final volume of
20 µl. A small number of mouse isolates from Portugal and Italy were also digested
overnight with the restriction enzyme Hae III (NEB) in the same manner described for
Hha I. The IGS restriction fragments were separated by horizontal electrophoresis,
either through a 1.5% agarose (Promega, Wisconsin, USA) gel in TAE buffer (40 mM
Tris-HCl; 20 mM acetate; 2 mM EDTA; pH 7.9), or a 2 - 4 % Metaphor™ agarose
(FMC, Maryland, USA) gel in TBE buffer (89 mM Tris-HCl; 89 mM boric acid; 2 mM
EDTA) and post-stained with ethidium bromide.

Restriction
Enzyme
Hha I

Isolate

Species
H. nana

Size of PCR
Product
867 bp

Expected Restriction
Fragments (bp)
371, 496

M1

Hae III

M1

H. nana

867 bp

71, 314, 256, 226

Table 8.4 Predicted PCR-RFLP Profiles For H. nana IGS Fragment With Hha I and Hae III.

8.2.9.

PCR Amplification and Sequencing of Portugese Isolates, M26 and M27
at the Mitochondrial C01 Locus

PCR amplification and sequencing of a 444 bp product from the mitochondrial C01
gene of two Portugese isolates, M26 and M27, was conducted according to the protocols
outlined in Chapter 6 (Section 6.2.7).
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8.3.

Results

8.3.1.

Sequence Analysis of the Entire IGS (H. nana, H. diminuta and
H. microstoma)

Large PCR fragments of approximately 3900 bp (H. nana), 3200 (H. diminuta) and
4100 (H. microstoma) were obtained using the primers 28aa and 18SRe (PCR results
not shown). Subsequent sequence analysis of these PCR fragments revealed
unambiguous sequences of 3924 bp (H. nana), 3180 bp (H. diminuta) and 4106 bp
(H. microstoma).

Comparison of the sequences between the three hymenolepidid

species, revealed the PCR fragments encompassed 558 bp of the 3’ end of the 28S and
321 bp of the 5’ end of the 18S gene for all three species (Figure 8.4 – Chapter
Appendix). The complete intergenic spacer region (IGS) was thus identified in H. nana
(3045 bp), H. diminuta (2301 bp ) and H. microstoma (3227 bp) (Figure 8.4 – Chapter
Appendix).

8.3.2.

PCR-RFLP Analysis of the Small (867 bp) IGS Fragment of H. nana
Isolates

PCR-RFLP analysis of the PCR product, generated by the nested RFLP primers, was
conducted using M1 as the H. nana reference isolate for the digestion profiles as the
primary sequence was known for this region (this Chapter). A total of 29 human (all
Australian) and 20 mouse isolates of H. nana, the latter consisting of 11 Australian,
eight Portugese and one isolate from Italy, were amplified from DNA extracted
either from Hymenolepis eggs in faeces or from adult worms and cysticercoids
(Table 8.1). An 867 bp product was obtained for all isolates (Figure 8.5). Isolates of
H. nana were digested with either Hha I or Hae III or, in some instances, both
enzymes.
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Figure 8.5 Ethidium Bromide Stained 1% Agarose Gel Showing the Amplification Products of the
RFLP Fragment of the IGS (867 bp) of Human and Rodent Isolates of Hymenolepis nana. Lane 1 =
molecular weight marker (100 bp ladder, New England Biolabs, Maryland, USA); Lane 2 = H. nana
reference isolate (M1); Lane 3 = H7; Lane 4 = H17; Lane 5 = H16; Lane 6 = H13; Lane 7 = H14; Lane 8
= M16; Lane 9 = M17; Lane 10 = M18; Lane 11 = M22; Lane 12 = negative control (no DNA).

8.3.2.1.
8.3.2.1.1.

PCR-RFLP of Australian Mouse and Human Isolates
Hha I

A small subset of the isolates of H. nana digested with Hha I (12 human and
5 Australian mouse isolates) were initially electrophoresed in a 1.5% agarose gel in
TAE buffer (Figure 8.6a). RFLP analysis of digests yielded distinct profiles for the
mouse reference isolate of H. nana, M1, which corresponded to the predicted
profiles of the enzyme Hha I (Lane 3, Figure 8.6a). RFLP profiles of three isolates,
M16, M18 (Australian mouse) and H16 (human), yielded RFLP profiles consistent
with the H. nana reference isolate, M1, however in all remaining isolates (11 of 12
human, 3 of 5 mouse isolates) the RFLP profiles were inconsistent with the
reference isolate M1 (Figure 8.6a). To examine these RFLP profiles with greater
clarity, another 3 µl aliquot of the PCR products of each isolate was digested
overnight with Hha I and electrophoresed in a higher percentage agarose gel with
properties resembling acrylamide (2% Metaphor™ agarose gel in TBE buffer)
(Figures 8.6b and 8.6c).

Examination of the same isolate profiles in the
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2% Metaphor™ gel confirmed the variation seen originally in the lower percentage
gel. However, a single band, identified in 1.5% agarose at approximately 370 bp in
isolates H13 and M17, was still not resolved as two bands in the 2% Metaphor™
gel. Thus the sum of the two bands (371 + 125 bp) did not equal the original uncut
product (867 bp), suggesting two bands were co-migrating.

Despite the lack of resolution of these two co-migrating bands in the higher
percentage gel, the variation in the RFLP profiles between the remaining isolates of
H. nana could not be attributed to this factor alone. Examination of these profiles in
the higher percentage gel revealed that, in many instances, the sum of the restriction
fragments exceeded that of the original uncut fragment (see for example, Lanes 3, 9
-12, 14 and 19 Figures 8.6b and 8.6c). A further 17 human and five mouse isolates
were digested with Hha I (Figures 8.7a and 8.7b). The RFLP profiles of isolates
H25, H26, H27, H29, H30 and H36 corresponded to that of the reference isolate M1.
In all other isolates, however, the sum of the restriction digest exceeded that of the
uncut product (Figures 8.7a and 8.7b).

Figure 8.6 (a) Ethidium Bromide Stained 1.5% Agarose Gel in TAE Showing the PCR-RFLP
Profiles of the IGS of Hymenolepis nana Isolates Digested with Hha I. Lane 1 = molecular weight
marker (100 bp ladder, New England Biolabs, Maryland, USA); Lane 2 = undigested H. nana reference
isolate (M1); Lane 3 = digested H. nana reference isolate (M1); Lane 4 = H7; Lane 5 = H17; Lane 6 =
H16; Lane 7 = H13; Lane 8 = H14; Lane 9 = H15; Lane 10 = H12; Lane 11 = H3; Lane 12 = H1; Lane 13
= H6; Lane 14 = H18; Lane 15 = H19; Lane 16 = M16; Lane 17 = M17; Lane 18 = M18.
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Figure 8.6 (b) Ethidium Bromide Stained 2% Metaphor™ Agarose Gel in TBE of the Same
Isolates; Lane 1 = molecular weight marker; Lane 2 = digested H. nana reference isolate (M1); Lane 3 =
H7; Lane 4 = H17; Lane 5 = H16; Lane 6 = H13; Lane 7 = H14; Lane 8 = H15; Lane 9 = H12; Lane 10 =
H3; Lane 11 = H1; Lane 12 = H6; Lane 13 = H18; Lane 14 = H19; Lane 15 = M16; Lane 16 = M17; Lane
17 = M18. (c) Schematic Representation of Figure 8.6 (b).
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Figure 8.7 (a) Ethidium Bromide Stained 2% Metaphor™ Agarose Gel in TBE Showing the PCRRFLP Profiles of the IGS of Hymenolepis nana Isolates Digested with Hha I. Lane 1 = molecular
weight marker (100 bp ladder, New England Biolabs, Maryland, USA); Lane 2 = H. nana reference
isolate (M1); Lane 3 = H20 Lane 4 = H21; Lane 5 = H22; Lane 6 = H23; Lane 7 = H24; Lane 8 = H25;
Lane 9 = H26; Lane 10 = H27; Lane 11 = H28; Lane 12 = H29; Lane 13 = H30; Lane 14 = H31; Lane 15
= H32; Lane 16 = H33; Lane 17 = H34; Lane 18 = H35; Lane 19 = H36; Lane 20 = M19; Lane 21 = M21;
Lane 22 = M23; Lane 23 = M24; Lane 24 = M25. (b) Schematic Representation of Figure 8.7(a) Lane
layout is the same.
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8.3.2.2.
8.3.2.2.1.

PCR-RFLP of Portugese and Italian Mouse Isolates
Hha I

As discussed in Section 8.3.2.1.1, the RFLP analysis of digests electrophoresed in a
2% Metaphor™ agarose gel, yielded distinct profiles for the mouse reference isolate
of H. nana, M1, which corresponded to the predicted profiles of the enzyme Hha I
according to DNA Strider™. When restricted with Hha I, three mouse isolates,
including M2 (Italy), M5 and M6 (Portugal), yielded RFLP profiles consistent with
M1, however the RFLP profile observed for the remaining Portugese mouse isolates
(M26 - M31) unexpectedly did not match that of M1. The profiles were, however,
highly conserved between these six isolates yielding two distinct bands at
approximately 371 bp and 110 bp (Figure 8.8).

Figure 8.8 Ethidium Bromide Stained 2% Metaphor™ Agarose Gel in TBE Showing the PCRRFLP Profiles of the IGS of Portugese and Italian Mouse Isolates of Hymenolepis nana Digested
With Hha I. Lane 1 = molecular weight marker (100 bp ladder, New England Biolabs, Maryland, USA);
Lane 2 = H. nana reference isolate (M1); Lane 3 = M26 Lane 4 = M27; Lane 5 = M28; Lane 6 = M29;
Lane 7 = M30; Lane 8 = M31; Lane 9 = M2; Lane 10 = M5; Lane 11 = M6.

Surprisingly, the sum of these two bands did not equal the size of the undigested
PCR product (867 bp) however, it is almost certain that there are two co-migrating
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fragments at the 370 bp band which have not resolved on this gel. This conclusion
can be drawn because the sum of the bands for these same isolates, when digested by
a second enzyme, Hae III, equalled that of the undigested product of 867 bp (see
next Section 8.3.2.2.2).

8.3.2.2.2.

Hae III

RFLP analysis of digests electrophoresed in a 4% Metaphor™ agarose gel yielded
distinct profiles for the mouse reference isolate of H. nana, M1, which corresponded
to the predicted profiles for the enzyme Hae III (Table 8.4) (Lane 2, Figure 8.9).
The Portugese mouse isolates, M26 - M31, yielded bands that corresponded with the
electrophoresis profile of M1 (Figure 8.9). The remaining two Portugese isolates,
M5 and M6, yielded a profile different to M1 when digested with Hae III (Lanes 10
and 11, Figure 8.9).

Figure 8.9 Ethidium Bromide Stained 2% Metaphor™ Agarose Gel in TBE Showing the PCRRFLP Profiles of the IGS of Portugese and Italian Mouse Isolates of Hymenolepis nana Digested
With Hae III. Lane 1 = molecular weight marker (100 bp ladder, New England Biolabs, Maryland,
USA); Lane 2 = H. nana reference isolate (M1); Lane 3 = M26 Lane 4 = M27; Lane 5 = M28; Lane 6 =
M29; Lane 7 = M30; Lane 8 = M31; Lane 9 = M2; Lane 10 = M5; Lane 11 = M6.
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To better understand the reasons for the aberrant PCR-RFLP profiles of these
Portugese isolates (M26 – M31), a decision was made to sequence a region of DNA
in two representative isolates, M26 and M27. The mitochondrial C01 locus was
chosen as an alternative gene to the IGS to verify their identity. This was expected
to reduce the time in which sequencing information could be obtained for these
isolates, as cloning was not likely to be required for the mitochondrial gene, whilst it
would have been necessary for the IGS product. Unexpectedly, when sequenced at
the C01 locus, using the primers and PCR conditions developed in Chapter 6, the
two isolates M26 and M27 were identified as H. microstoma, rather than H. nana
(mitochondrial C01 sequence results not shown).

8.3.3.

Sequencing of the 867 bp PCR-RFLP Product of Four Isolates (H13,
H16, M16, M17)

In an attempt to also better understand the reasons for the RFLP profiles of
Australian isolates being inconsistent with that of M1 (see for example Lanes 7 and
17, Figure 8.4a), four H. nana isolates, including two human (H13 and H16) and two
mouse (M16 and M17), were selected from the group for sequencing of the small
IGS product. The 867 bp PCR product amplified from H13, H16, M16 and M17
were purified, cloned and sequenced according to the methods outlined in Section
2.6. Sequences obtained from the cloned inserts of this 867 bp product for three of
the isolates, H13, H16 and M16, were aligned and compared directly with the
sequence of the H. nana reference isolate M1 (Figure 8.10).

Some difficulties were encountered with obtaining the full sequence for M17,
therefore this isolate was excluded from the alignment. The DNA sequences (867
bp) of these four isolates were also analysed using DNA Strider™ (except M17) and
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the predicted RFLP profiles (Table 8.5) were compared with the actual profiles
obtained in the agarose gels (Figures 8.6a, 8.6b and 8.6c). A nucleotide difference
(C instead of T) was discovered at base 129 in the isolate H13 (Figure 8.10). This
accounted for the altered profile in comparison with M1, due to the creation of a
second Hha I restriction site (gcg/c) not present in the laboratory reference H. nana
isolate, M1 (gcgt).
M1
H16c1
H13c1
M16c2

GACGTGAGTATTCGAGCAGCTATCACACTGCGAGGTATTGAGTCCTATCCCTACTAGACG 60
GACGTGAGTATTCGAGCAGCTATCACACTGCGAGGTATTGAGTCCTATCCCTACTAGACG
GACGTGAGTATTCGAGCAGCTATCACACTGCGAGGTATTGAGTCCTATCCCTACTAGACG
GACGTGAGTATTCGAGCAGCTATCACACTGCGAGGTATTGAGTCCTATCCCTACTAGACG
************************************************************

M1
H16c1
H13c1
M16c2

TAATGATTTGGGGCCTTGAGCCACATTCATTCATGCTTTCATGCATCCATCTCACCTCTA 120
TAATGATTTGGGGCCTTGAGCCACATTCATTCATGCTTTCATGCATCCATCTCACCTCTA
TAATGATTTGGGGCCTTGAGCCACATTCATTCATGCTTTCATGCATCCATCTCACCTCTA
TAATGATTTGGGGCCTTGAGCCACATTCATTCATGCTTTCATGCATCCATCTCACCTCTA
************************************************************

M1
H16c1
H13c1
M16c2

129
TTAATGCGTACGCATGCTGTCAACTCTCTTAGCCTTATGAGTTGCAGTGTGCGTACGCAT 180
TTAATGCGTACGCATGCTGTCAACTCTCTTAGCCTTATGAGTTGCAGTGTGCGTACGCAT
TTAATGCGCACGCATGCTGTCAACTCTCTTAGCCTTATGAGTTGCAGTGTGCGTACGCAT
TTAATGCGTACGCATGCTGTCAACTCTCTTAGCCTTATGAGTTGCAGTGTGCGTACGCAT
******** ***************************************************

M1
H16c1
H13c1
M16c2

TCTTTCCGCCCATTTCAGCCATTCATTCATTCATTCATTCATTCATTCATTCATTCATTC 240
TCTTTCCGCCCATCTCAGCCATTCATTCATTCATTCATTCATTCATTCATTCATTCATTC
TCTTTCCGCCCATTTCAGCCATTCATTCATTCATTCATTCATTCATTCATTCATTCATTC
TCTTTCCGCCCATTTCAGCCATTCATTCATTCATTCATTCATTCATTCATTCATTCATTC
************* **********************************************

M1
H16c1
H13c1
M16c2

ATTCATTCAAGCACTCAAACTCTCGACCTCCTTTTAGCACCAACTATTAATCTATATTGG 300
ATTCATTCAAGCACTCAAACTCTCGACCTCCTTTTAGCACCAACTATTAATCTATATTGG
A---A-----GCACTCAAACTCTCGACCTCCTTTTAGCACCAACTATTAATCTATATTGG
ATTCA----AGCATTCAAACTCTCGACCTCCTTTTAGCACCAACTATTAATCTATATTGG
*
*
*** **********************************************

M1
H16c1
H13c1
M16c2

CTGCTACAATTCATATGCGTATACGTGGGGGCAACATGCCACAATACCACGTATACGCAT 360
CTGCTACAATTCATATGCGTATACGTGGGGGCAACATGCCACAATACCACGTATACGCAT
CTGCTACAATTCATATGCGTGTACGTGGGGGCAACATGCCACAATACCACGTATACGCAT
CTGCTACAATTCATATGCGTATACGTGGGGGCAACATGCCACAATACCACGTATACGCAT
******************** ***************************************

M1
H16c1
H13c1
M16c2

TATTTCCACACCGCAGCTTCATAAAGGCCTTGGTAGTTCCTTCATCTCAGTGAGCCAGAT 420
TATTTCCACACCGCAGCTTCATAAAGGCCTTGGTAGTTCCTTCATCTCAGTGAGCCAGAT
TATTTCCACACCGCAGCTTCATAAAGGCCTTGGTAGTTCCTTCATCTCAGTGAGCCAGAT
TATTTCCACACCGCAGCTTCATAAAGGCCTTGGTAGTTCCTTCATCTCAGTGAGCCAGAT
************************************************************

M1
H16c1
H13c1
M16c2

GTATCTACTGCCATTCGTGCTGAACACTGATCAGATAATCAGTGAATAGTTGTAATTCAA 480
GTATCTACTGCCATTCGTGCTGAACACTGATCAGATAATCAGTGAATAGTTGTAATTCAA
GTATCTACTGCCATTCATGCTGAACACTGATCAGATAATCAGTGAATAGTTGTAATTCAA
GTATCTACCGCCATTCGTGCTGAACACTGATCAGATAATCAGTGAATAGTTGTAATTCAA
******** ******* *******************************************
497
ATTATGCTGTAAGTACGCGCATAGCTGGGGAAGGTGGGTGTGGGGGTACAACGCATCATC 540
ATTATGCTGTAAGTACGCGCATAGCTGGGGAAGGTGGGTGTGGGGGTACAACGCATCATC
ATTATGCTGTAAGTACGCGCATAGCTGGGGAAGGTGGGTGTGGGGGTACAACGCATCATC
ATTATGCTGTAAGTACGCGCATAGCTGGGGAAGGTGGGTGTGGGGGTACAACGCATCATC
************************************************************
TTTATTTATATAATTATTCACTGCTATCATTACATAGTTTTTGAAGTGAGTGATGAATTT 600
TTTATTTATATAATTATTCACTGCTATCATTACATAGTTTTTGAAGTGAGTGATGAATTT
TTTATTTATATAATTATTCACTGCTATCATTACATAGTTTTTGAAGTGAGTGATGAATTT
TTTATTTATATAATTATTCACTGCTATCATTACATAGTTTTTGAAGTGAGTGATGAATTT
************************************************************

M1
H16c1
H13c1
M16c2
M1
H16c1
H13c1
M16c2
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M1
H16c1
H13c1
M16c2

TTGCATTTATATATGCGTGAAGTCTAAAAAGCCCATTTATTGGCCCCCACTATTGCTCCA 660
TTGCATTTATATATGCGTGAAGTCTAAAAAGCCCATTTATTGGCCCCCACTATTGCTCCA
TTGCATTTATATATGCGTGAAGTCTAAAAAGCCCATTTATTGGCCCCCACTATTGCTCCA
TTGCATTTATATATGCGTGAAGTCTAAAAAGCCCATTTATTGGCCCCCACTATTGCTCCA
************************************************************

M1
H16c1
H13c1
M16c2

TATTAACTGCGTATACGTGGTATTGTGGCATGTTGCCCCCCCACGTATACGCATTATTTC 720
TATTAACTGCGTATACGTGGTATTGTGGCATGTTGCCCCCCCACGTATACGCATTATTTC
TATTAACTGCGTATACGTGGTATTGTGGCATGTTGCCCCCCCACGTATACGCATTATTTC
TATTAACTGCGTATACGTGGTATTGTGGCATGTTGCCCCCCCACGTATACGCATTATTTC
************************************************************

M1
H16c1
H13c1
M16c2

CACACCGCAGCTCCATAAAGGCTTTGGCAGTTTCTTCATCTCAGTGTTCCAAATGTATCT 780
CACACCGCAGCTCCATAAAGGCTTTGGCAGTTTCTTCATCTCAGTGTTCCAAATGTATCT
CACACCGCAGCTCCATAAAGGCTTTGGCAGTTTCTTCATCTCAGTGTTCCAAATGTATCT
CACACCGCAGCTCCATAAAGGCTTTGGCAGTTTCTTCATCTCAGTGTTCCAAATGTATCT
************************************************************

M1
H16c1
H13c1
M16c2

ACTGCCATTCGTGAAAAGTGCTCATTCAAATTATGCTGTATGTATGCGAAAACCAACCCC 840
ACTGCCATTCGTGAAAAGTGCTCATTCAAATTATGCTGTATGTATGCGAAAACCAACCCC
ACTGCCATTCGTGAAAAGTGCTCATTCAGATTATGCTGTATGTATGCGAAAACCAACCCC
ACTGCCATTCGTGAAAAGTGCTCATTCAAATTATGCTGTATGTATGCGAAAACCAACCCC
**************************** *******************************

M1
H16c1
H13c1
M16c2

AATGAGCCAACTCAATGATTGTTTAAG 867
AATGAGCCAACTCAATGATTGTTTAAG
AATGAGCCAACTCAATGATTGTTTAAG
GATGAGCCAACTCAATGATTGTTTAAG
**************************

Figure 8.10. Sequence Alignment of Representative Clones of the 867 bp PCR-RFLP Fragment of
H. nana Isolates (Reference M1), Human (H13 and H16) and Mouse (M16 only, M17 not included)
Generated by the Nested PCR Primers EXT-F/IGS-2F and EXT-R/HnRFLP-R. Hha I restriction
sites (gcg/c) found at 129 and 497 are highlighted in red font. A nucleotide difference (T instead of C)
(gcg/t) at base 129 led to the unexpected creation of a second Hha I restriction site.

Although the full 867 bp sequence was not obtained for the mouse isolate M17 and
thus, was not able to be aligned with the remaining three sequences, examination of
the readable sequence of the isolate (approximately 340 bp) revealed the same
nucleotide change at base 129 as H13 (results not shown), suggesting a probable
reason for its profile corresponding to that of H13 but not of M1 (Table 8.5).
Sequence analysis confirmed the actual profiles obtained for two isolates, M16 and
H16, when electrophoresed in 2% Metaphor™, corresponded with the predicted
restriction sites (Table 8.5). However, in the isolate H13 the predicted bands at
363 bp and 371 bp (Table 8.5) were still not resolved in the 2% gel, thus providing
an explanation for the sum of the products being less than the original uncut product.
Better sequencing data is required for the isolate M17 before a similar prediction can
be confirmed. Increasing the concentration of the agarose gel above 2% would
almost certainly resolve these into two distinct bands.
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Code

Species

Host

Size of
PCR
Product∆

Predicted
Restriction
Fragments (bp)

Actual
Restriction
Fragments (bp)

M1

H. nana

Mouse

867 bp

371, 496

371, 496

M16

H. nana

Mouse

863 bp

371, 496

371, 492

M17†

H. nana

Mouse

867 bp

NA

125, 371*

H13

H. nana

Human

859 bp

125, 363, 371

125, 371*

H16

H. nana

Human

867 bp

371, 496

371, 496

Table 8.5 Predicted and Actual PCR-RFLP Profiles for H. nana IGS Fragment with Hha I. Where
† = sequence unable to be analysed by DNA Strider 1.0 because full sequence not obtained; NA = not
applicable; * = predicted bands of 363 and 371 co-migrated in 1.5% agarose in TAE and still not resolved
on 2% Metaphor™ in TBE buffer; ∆ = PCR fragment varied from 859 -867 bp due to nucleotide
“slippage” between bases 241 – 251 (not within Hha I restriction site).

8.3.4.

Specificity of IGS PCR-RFLP Nested Primers

PCR amplification using the nested IGS PCR-RFLP primers yielded a band of
approximately the expected size for H. nana (867 bp) (Figure 8.11).

Figure 8.11 Ethidium Bromide Stained 1.5% Agarose Gel Showing the Specificity of the Nested IGS
Primers for Hymenolepis nana DNA. Lane 1 = molecular weight marker (100 bp ladder, New England
Biolabs, Maryland, USA); Lane 2 = H. nana reference isolate (M1); Lane 3 = H. diminuta reference
isolate; Lane 4 = H. microstoma reference isolate; Lane 5 = H. citelli; Lane 6 = Giardia duodenalis; Lane
7 = Cryptosporidium parvum; Lane 8 = Tritrichomonas foetus; Lane 9 = E. coli; Lane 10 = normal human
faeces DNA; Lane 11 = negative control (no DNA).

No amplification was apparent with the laboratory reference isolates of Hymenolepis
diminuta, H. microstoma, H. citelli, nor with Escherichia coli, Giardia duodenalis,
Cryptosporidium parvum, Tritrichomonas foetus and normal human faeces DNA
(Figure 8.11).
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8.4.

Discussion

Sequencing of the entire intergenic spacer region of three hymenolepidids,
Hymenolepis nana, H. diminuta and H. microstoma, was achieved for the first time
in this study. By comparing the primary sequences of the IGS between the three
taxonomically recognised species, a putative identification of the most variable
region was possible. Importantly, any sub-regions of hypervariability within the
intergenic spacer were also identifiable by comparing the sequences between the
three species. In the hymenolepidids, the 5’ region of the IGS was more variable
than the 3’ region, which correlates with the findings in other eukaryotic species
(Federoff, 1979; Dover, et al., 1982). This mixture of sequence conservation and
variability within the IGS is likely to be associated with the structure and function of
the spacer region, including the presence of transcription promoters, enhancers and
terminators (Moss, 1983; Reeder, 1984; Dover and Flavell, 1984) and sub-repeat
units within the IGS (Polanco, et al., 1998).

A very high level of sequence conservation at the 3’ end of the IGS of the
hymenolepidids corresponded to the region where the external transcribed spacer
(ETS) is located in other eukaryotes (Dover, et al., 1982; Hillis and Dixon, 1991),
including helminth species (Kaye, et al., 1998) and protozoan species (Schnare, et
al., 2000). As discussed in Section 8.1, the most variable region within the IGS was
believed to have the highest potential for ‘fine scale’ discrimination between
H. nana isolates. The 5’ end of the IGS was, therefore, believed to be the most
useful region of DNA and, for this reason, was selected for further analysis using
PCR-RFLP of H. nana isolates from different hosts and different communities.
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8.4.1.

PCR Efficiency

The efficiency of the PCR reaction has been shown to be inversely proportional to
the size of the product (Arnheim and Erlich, 1992). For example, in the protozoan
parasite Giardia, the design of primers to amplify a smaller PCR product (650 bp
instead of 1600 bp) resulted in an increased efficiency of PCR amplification from
52% to 71% when PCR reactions were performed on DNA extracted from Giardia
cysts in faeces (Hopkins, 1996).

For this reason, a relatively small PCR product (867 bp) in the 5’ region of the IGS
was selected for PCR-RFLP analysis to both maximise the efficiency of PCR
amplification and to encompass the region of highest variability. Furthermore, the
nested PCR approach used in this study was expected to further enhance the
sensitivity of the PCR reaction from Hymenolepis eggs in faeces. As mentioned in
Chapter 7, this approach has previously been shown to enhance sensitivity of PCR
reactions using DNA extracted from faecal samples (Ghosh, et al., 2000; Verweij, et
al., 2000).

8.4.2.

Analysis of PCR-RFLP

A total of 29 human isolates of Hymenolepis nana, from five endemic communities
in Western Australia, and 20 mouse isolates from Australia, Japan, Italy and
Portugal, were characterised at the IGS region using the fingerprinting tool PCRRFLP. Examination of the restriction profiles, following digestion with the enzyme
Hha I, revealed that the profiles were extremely variable between many of the
isolates of H. nana, irrespective of both their community of origin and their host of
origin (mouse and human).
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As discussed in Section 8.3.2.1.1, often the sum of the digests exceeded that of the
uncut PCR fragment.

This was highly suggestive of the existence of rDNA

intergenic spacers that, whilst identical in length, vary in sequence within individual
H. nana isolates. This finding is comparable to the results of other researchers who
identified considerable spacer sequence heterogeneity within individuals.

For

example, Cuellar, et al. (1996) reported sequence heterogeneity within the intergenic
spacers of Helianthus spp., which led to changes within restriction enzyme sites.
Similarly Hopkins, et al. (1999) found high levels of sequence heterogeneity in the
IGS within the protozoan parasite Giardia duodenalis, which was initially detected
by RFLP then verified by sequencing.

8.4.3.

Analysis of the Sequence of the Small IGS-PCR-RFLP Product (867 bp)
of H13, H16, M16 and M17

Four isolates were selected for sequencing of the 867 bp RFLP product in an attempt
to identify the reasons why their gel profiles did not correlate with the reference
isolate, M1. A sequence polymorphism (C instead of T), identified within the Hha I
restriction site, accounted for the differences in the RFLP profiles of H13 and M17
in comparison with the reference isolate M1 and H16. This sequence polymorphism
was not, however, a marker of genetic differentiation between isolates of H. nana
from mouse and human as this polymorphism was in isolates from both hosts. The
sequence similarity, other than at the Hha I restriction site, for the remainder of the
867 bp region was very high between all the isolates, except for the region found
between 241 and 251 bp, where nucleotide “slippage” was apparent. This region of
slippage accounted for a minor length variation in the size of the PCR product (859
–867 bp). However, this did not unduly affect the RFLP profiles because the region
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did not contain any restriction enzyme sites for Hha I. This region may however,
affect other restriction enzymes not tested in this study.

8.4.4.

Analysis of PCR-RFLP of Portugese Mouse Isolates

The restriction profiles of the Portugese isolates, M26 – M31, after digestion with
Hha I were very different when compared to M1. This was thought to be due to two
possibilities. The first was that the Portugese isolates represented a genetically
distinct population of Hymenolepis nana and the second was that the primers had
amplified a species other than H. nana. The latter was initially believed improbable
as the primers were tested extensively for specificity against several gastro-intestinal
pathogens, including other hymenolepidid species, whereby PCR amplification
occurred only with H. nana (Figure 8.11).

The decision to sequence two

representative isolates at a locus other than the IGS was made in the hope of
expediting the process of identification of these isolates. The addition of a cloning
step required for sequencing of the IGS would have increased the amount of time
required at the laboratory bench.

When sequenced at the C01 locus the

identification of the two isolates, M26 and M27 as H. microstoma, was very
unexpected and surprising, given the lack of amplification of this hymenolepidid
species in the specificity testing using the IGS primers. The lack of amplification of
the H. microstoma reference isolate with the IGS primers was initially believed to be
ample confirmatory evidence for the specificity of the primers for H. nana alone.

One possible conclusion that can be drawn from these results is that the primary
sequence of the IGS of the field isolates of H. microstoma from Portugal may be
sufficiently different to the laboratory isolate of H. microstoma such that the nested
primers could bind and amplify their DNA. Interestingly, this may result from a
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single nucleotide difference between the different isolates. For example, the 3’ end
of the oligonucleotide primer is the most critical region for attachment and
subsequent extension of the DNA template using PCR. This discriminatory power is
illustrated clearly with research conducted by Morgan et al. (1997), in which the
differentiation of genotypes of Cryptosporidium parvum from cattle and humans is
possible using primers which differ by a single nucleotide base at their 3’ end. As
the nested PCR primers in this study were designed using the sequence data of only
laboratory reference isolates of H. nana, H. diminuta and H. microstoma, the
sequence of the IGS of any field isolates of these species, including H. microstoma,
was not taken into consideration when designing the primers and ensuring their
specificity for H. nana alone.

The amplification of the IGS of H. microstoma field isolates (M26 – M31) in this
study was unexpected. However, it raises interesting questions about the evolution
of highly variable regions of the genome, such as the IGS, in geographically isolated
populations of Hymenolepis species, such as H. microstoma in Portugal. Whilst it is
apparent that variability must exist in the IGS between field and laboratory isolates
of H. microstoma, there is insufficient evidence from this study to presume the level
of sequence heterogeneity between the two populations of H. microstoma is high.
As mentioned, there may only be a single base difference within the primer site
alone. It would now be interesting to sequence the IGS region of the Portugese field
isolates of H. microstoma to verify their sequence, with respect to nucleotide
differences of both the primer binding site, especially at the 3’ end as well as the
remainder of the 867 bp fragment. When direct sequencing of the PCR product is
performed, the primer sequence is usually lost, therefore the IGS PCR product
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would need to be cloned prior to sequencing in order to generate a sequence profile
of the primer site.

The apparent lack of specificity of the IGS primers for H. nana meant there was a
possibility that the RFLP profiles generated in this study were due to mixed
infections of H. nana and H. microstoma in the human faecal samples tested in this
study (except where verified by sequencing, such as with H13, H16, M16 and M17).
Importantly, the profiles generated for H. microstoma using the enzyme Hha I were
sufficiently different to that of H. nana to be able to rule out this possibility.
Furthermore, the results of this study highlight the need for using numerous samples
of the same species, preferably including field isolates from different geographical
locations, in specificity testing to avoid the problems of primer binding that arose in
this study.

8.4.5.

Sequence Heterogeneity in the Multi-Copy IGS

Of the 29 human and 20 mouse isolates digested with restriction enzymes, the small
PCR-RFLP product was sequenced in only four isolates of H. nana which displayed
RFLP profiles that did not match the reference mouse isolate, M1. However, despite
their unmatched restriction digestion profiles in the PCR-RFLP, the sum of the
restriction fragments of those particular four isolates did not exceed that of the
original uncut PCR product (867 bp). As discussed, this was a situation that was
observed in the gel profiles of many of the remaining isolates. It is apparent that if
the size of the PCR product is identical between all the H. nana isolates, then extra
bands observed in the RFLP profiles of many of the isolates must relate to sequence
differences between the different copies of the IGS (intra-individual variation).
However, none of the isolates displaying RFLP profiles that exceeded the size of the
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uncut fragment were sequenced in this study. Sequencing of a number of these
isolates would provide highly useful data for future analysis of variability. Any
sequence data obtained for this region would verify whether sequence heterogeneity
exists between the multiple copies of the IGS in these isolates and should be
considered for future work.

It is apparent, from the results of this study, that the IGS region characterised here
was too variable to provide a useful genetic marker for tracing particular genotypes
of H. nana within a community. The reasons for this high level of variability within
the IGS, similar to that found in the ITS1 of H. nana isolates, are not known.
Several potential reasons for the variability within the IGS are summarised in
Chapter 10.
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8.5.

Appendix
28S

H. nana
H. diminuta
H. microstoma

AGGTTAGTTTTACCCTACTGATGGGCACACTGTGTTATCAGTGAGGTGCAAGCTGGTCGT 60
AGGTTAGTTTTACCCTACTGATGGGCACACTGTGTTATCAGTGAGGTGCAAGCTGGTCGT
AGGTTAGTTTTACCCTACTGATGGGCACACTGTGTTATCAGTGAGGTGCAAGCTGGTCGT
************************************************************

H. nana
H. diminuta
H. microstoma

TGCTATGGTAATCCTGTTTAGTACGAGAGGAACCGCAGGTTCAGACATTTGGTATATGTG 120
TGCTATGGTAATCCTGTTTAGTACGAGAGGAACCGCAGGTTCAGACATTTGGTATATGTG
TGTTATGGTAATCCTGTTTAGTACGAGAGGAACCGCAGGTTCAGACATTTGGTATATGTG
** *********************************************************

H. nana
H. diminuta
H. microstoma

CCTGGTCGATCGGCCAATGGTGCGAAGCTACCATCTGAGGGATTAAGACTGAACGCCTCT 180
CCTGGTCGATCGGCCAATGGTGCGAAGCTACCATCTGAGGGATTAAGACTGAACGCCCCT
CCTGGTCGATCGGCCAATGGTGCGAAGCTACCATCTGAGGGATTAAGACTGAACGCCTCT
********************************************************* **

H. nana
H. diminuta
H. microstoma

AAGTCTGAATCCCATCCAAAGATGCAACGATACACTACGGCCTGCCACATGGATAGGCAA 240
AAGTCTGAATCCCATCCAAAGATGCAACGATACACTACGGCCTGCCACATGGATAGGCAA
AAGTCTGAATCCCATCCAAAGATGCAACGATACACTACGGCCTGCCACATGGATAGGCAA
************************************************************

H. nana
H. diminuta
H. microstoma

CTATAGCACTTC-ATCCACGAGGGTTCGGACGGGGCCAGCGTGCCTCGCCACTCGTGGTT 300
CTATAGCACTTCCATCCACGAGCATTGGGACGGGGCCAGCGTGCCTTGCCACTCGTGGTT
CTATAGCACTTCCATCCACGAGGGTTAGGACGGGGCCAGCGTGCCTCGCCACTCGTGGTT
************ ********* ** ******************* *************

H. nana
H. diminuta
H. microstoma

GGTCTGGCAACAGCAGTGCTAAGCCAGAGCGTTAACCATGACCATGTGCATCGGATTATA 360
GGTCTGGCAACAGCAGTGCTAAGCCAGAGCGTTAACCATAACCATGTGCATCGGATTATA
GGTCTGGCAACAGCAGTGCTAAGCCAGAGCGTTAACCATAACCATGTGCATCGGATTGTA
*************************************** ***************** **
EXT-F primer
ATGATGCTGCATGGAGGTTAATACGATATCCAATTGTGGAATGAGTGTGGAGGCACAAAA 420
ATGATGCTGCATGGGGGTTGATACGATATCCAATTGTGGAATGAGTGTGGAGGCACAAAA
ATGATGCTGCATGGGGGTTGATACGATATCCAATTGTGGAATGAGTGTGGAGGCACAAAA
************** **** ****************************************
IGS-2F primer
TCGTTTGTAAACGACTTAATGTTTTGTCGGGGAGACGTGAGTATTCGAGCAGCTATCACA 480
TCGTTTGTAGACGACTTAATGTTTTGTCGGGGAGACGTGAGTATTCGAGCAGCTATCACA
TCGTTTGTAGACGACTTAATGTTTTGTCGGGGAGACGTGAGTATTCGAGCAGCTATCACA
********* **************************************************

H. nana
H. diminuta
H. microstoma

H. nana
H. diminuta
H. microstoma

H. nana
H. diminuta
H. microstoma

CTGCGAGGTATTGAGTCCTATCCCTACTAGACGTAATGATTTGGGGCCTT-GAGCCACAT 540
CTGCGAGGTATTGAGTCCTATCCCTACTAGACGTAATGATTTGGGGCCTTTGAGCCGCAT
CTGCGAGGTATTGAGTCCTATCCCTACTAGACGTAATGATTTGGGGCCTTTGAGCCACAT
************************************************** ***** ***
28S
IGS

H. nana
H. diminuta
H. microstoma

TCATTCATGCTTTCATGCATCCATCTCACCTCTATTAATGCGTACGCATGCTGTCAACTC 600
TCATTTAT---TTCATGC------------------------TATGCATGT--------TCATTCATGCATTCATGCATTCGTTGTAAGTGAGATCACTTACATTCATGCGTACGCATG
***** **
*******
* ****
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H. nana
H. diminuta
H. microstoma

TCTTAG—CCTTATGAGTTGCAGTGTGCGTACGCATTCTTTCCGCCCATTTCAGCCATTC 660
----------------------ATGTATGTATGCATTATT-------------------CTGTTGACTCTTATGAGTTGCAGTATGTGTACGCATTTTTTCCGCCAATTGTAGTTAAAG
* * *** ***** **

H. nana
H. diminuta
H. microstoma

ATTCATTCATTCATTCATTCATTCATTCATTCATTCATTCATTCAAGCACTCAAA---CT 720
--------------------GTTCTTCCTCCCTCTTCTTCTTCTGCGTACGTATG---CTCTTAGTTGAAATAATGACTACCAAAACTTATATGATTAAATAAGCGTACACGTGGGGCA
*
*
*
* **
*

H. nana
H. diminuta
H. microstoma

CTCGACCTCCTTTTAGCACCAACTATTAATCTATATTGGCTGCTACAATTCATATGCGTA 780
----------------CGTTAACTCTTAAC---TATTAGCTATAAGAGTT---------ACAGGCCACAATACCACGTGTACGCATCATTTCCACACAGCGCGGCAACTCCACAAGGCA
*
**
* *
*
* *

H. nana
H. diminuta
H. microstoma

TACGTGGGGGCA----ACATGCCACAATACCACGTATACGCATTATTTCCACACCGCAGC 840
--------------------------GCGGTGTATGTACGCATTTATTTCGC-CCGCGGATACTTACAATACAATACGTATCCACATCCTACCTATCCACATCCACACTAAATTCGGGC
* * * ***
*

H. nana
H. diminuta
H. microstoma

TTCATAAAGGCCTTGGTAGTTCCTTCATCTCAGTGAGCCA-------GATGTATCTACTG 900
---------ACATCGG--------------CAGTGAGATA-------GTAGACACCACTG
ATTCGGGTTGGTTTCGAGTTCAATCGGCAACAGTGACTCGCGCTTAGAGAGTTATGATTG
* *
******
*
* **

H. nana
H. diminuta
H. microstoma

--CCATTCGTGCTGAACACTGATCAGATAATCAGTGAAT--AGTTGTAATTCAAATTAT- 960
--TGATAAACTCT---CTCTCTCTAAGTTCTTAGTTCA-------GTCAAGCACAATCCGCTCATCCATTCATTCGTTAGTTCAGGCACTCAAACACTCAAGCATTCATTCGCACAATT
**
*
*
* *
* * * *

H. nana
H. diminuta
H. microstoma

GCTGTAAGTACGCGC-----ATAGCTGGGGAAGGTGGGTGTGGGGGTACAACGCATCATC 1020
GTTTTAAGTATGAG-----------------AAGAAAATGTGTGAGTGCGAGAATTAACA
ACTTTTAGCACCAATTCCTAATACTTCATGGTAAATAATGAATGATTGATTGATTGATTG
* * ** *
**
* *

H. nana
H. diminuta
H. microstoma

TTTATTTATATAATTATTC—ACTGCTATCATTACATAGTTTTTGAAGTGAGTGATGAAT 1080
TTTACTACTACTACTACT---ACTACTACTACTAC------------------------GGCGAAATAGTGACTACCAAAATTTGTATGATTAAATAAGCGTACACGTGGGGCAACAGG
* **
* * ** * **

H. nana
H. diminuta
H. microstoma

TTTTGCATTTATATATGCGTGAAGTCTAAAAAGCCCATTTATT----------------- 1140
-----------------------------------------------------------CCACAATACCACGTGTACGCATTATTTCCACACAGTCGCCGCTACTCCATTGTCGTAGGA

H. nana
H. diminuta
H. microstoma

--------GGCCCCCACTATTGCTCCATATTAACTGCGTATACGTGGTATTGTGGCATGT 1200
--------------TACTACTACTAC---------------------------------GGAGGCTAGAGCCTTGGTAGTACTTTATTCACATTGTTCAAAATGTATCCACTACTATGT
** * **

H. nana
H. diminuta
H. microstoma

TGCCCCCCCACGTATACGCATTATTTCCACACCGCAGCTCCATAAAGGCTTTGGCAGTTT 1260
------------------TACTACTACTAC-----------------------------GCTATGGCGTACTCAATCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCTTCCT
* * *
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H. nana
H. diminuta
H. microstoma

CTTCATCTCAGTGTTCCAAATGTATCTACTGCCATTCGTGA--------AAAGTGCTCAT 1320
--------------------TACTACTACTACTACCCAC--------------CCTTTGA
CACAGGATAAGACACACACCCGAACACTCTGGAATATGCGGCCATGCGCGCAGTGTTCAT
**
*
*

H. nana
H. diminuta
H. microstoma

TCAAATTATGCTGTATGTATGCGAAAAC------------------------CAACCCCA 1380
GCGTATTGTATTGTATG------------------------------------AGCCCAC
TCAAATTATCCTAGACGTATATGATGATAACTAATCACATTCGCTGATAGCATAATTTCA
* *** * * * *
*
Hn-RFLP R primer
ATGAGCCAACTCAATGATTGTTTAAGCGGAGGATGACCCGAACGACCCCTACTTTGGCTA 1440
CGGGGCCTG-----TGCTTGCCTA----------------------------------TG
ATAAACGCATTCAATTATTTCCACAGAAAGATGACGCTTACCGCAAAGCAATGAGGTCTG
*
* **
*
EXT-R primer
TGATTGGTTGAGAGGGTGAG-TGGTTGTAAATGCGTGCCTAAATGCTCGCGTATA--GGT 1500
TAATTGTACAACAGGCT-----TGTCGCATATGTATGCC------------------GCT
TTACTCAATCATCTTCTTATCTTATCTTAGGTTTCTCCTTCTTTTTCTTCTTCTCCTTCC
* * *
*
*
*
* *
* *

H. nana
H. diminuta
H. microstoma

H. nana
H. diminuta
H. microstoma

H. nana
H. diminuta
H. microstoma

GGAGAGGATGATTGAGGGGGAGGGGAGGGGAGGGGCATCGTATNGTGTATA--TTTATAC 1560
AGATGCAATTAT--------------------GGCTATATTACCATTTAT---TTTATAT
TACGGCACTAAATCTCATCCCATCCCATCCCATCCCATCCCCTTTCATACTAGGCCATTC
* *
**
**
**

H. nana
H. diminuta
H. microstoma

AATTATTCACAATTATCATAGTATATTTTTTGAGCTAAATTATTAGCATTTCCAAAGCGT 1620
AATTA-----------CGCAGTGTTGTTATTGAT-----------GTATTTATGAAG--TATTAAAGTGGAAATATACTGCATTCCACTTGCCTAAATGTGTCAAGTTAATGGATGATT
****
* *
***
*
* *

H. nana
H. diminuta
H. microstoma

GTGTGTAAG-------CGGAAAGGTTATTTGGTGCCAAAATTATTNTATTTGCTAG---- 1680
-----TAGT-------TGAGATGGATATTTGGGGCCATAA-------ATTTGTC-----CGGTATGAAAAGAGGCCAAAAGGGCCATTTGGTGTCCAGAAAGGCAAATTAATTGAAATC
*
* ** ****** * *
*
***

H. nana
H. diminuta
H. microstoma

--CTATGGGTGTGGGTTTNGTCGAATTGCGCGAATACTGCTCAAATACACATACTTTTCG 1740
---------------------------------------------------TATTTCTCT
TTCCGCCAAAAAAAATTGAATAAGAATGGACAAACTTTTCATAGAATTAAGTTTATTCTG
*
*

H. nana
H. diminuta
H. microstoma

CCACTTTG---CTNTACTTTTTTTCAGATTCAAGGTATTCTTTAGGTA-AGTTCATTCCT 1800
CTCTCTCT---CTGTCTCTGCGTATACGTGTGTTGTAAACTGTGGATT-GCTCGACTCGC
CCATTTCCTACCCATTGATGCAGTGGTGTATACAATTCTCATAGGATACGGTGCGCACCC
*
*
* *
*
*
*
*
* *
*
*

H. nana
H. diminuta
H. microstoma

NTTCANTTGGCANTAATNTCCACCGCCTTTCATACTAGCCCATTGGGCTGAAGTGGAAAT 1860
GTGTA------------------CGCATTATTTCCGATGCCCTTGGGTCTATGTC----GAACATTCTGGAATGTGCGGCCGTGCGCGCAGACCACCGCTTCTCAGATAATCAGCTCTT
*
**
*
*
* *
*

H. nana
H. diminuta
H. microstoma

ATAGTGTATTCCACTGGTAGTTGGAAAGTGGGCATAAAGGAGGGAATTGAATGGGTGATT 1920
----------------------------------------------------------TT
AGTGTTCATTCACATTATGCTTG--ATGTATGCGATGGTGATGATTATCAATCACGTTTG
*
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H. nana
H. diminuta
H. microstoma

CGGCTGTTAAAATGACTTATTAAGAAATATTTTCCACTGAATTTAGTTTATTTCACCATT 1980
CGACAATTACAGCGTC----------ATGTATGTTACTAATATTATTTCAATCTTTTTTT
CGAATATCATCATCTCA-ATAAACGCATCACTCCCAATGAGTCTTCCACCTCGTCTCGTC
**
* *
*
**
*
* * *
*
*

H. nana
H. diminuta
H. microstoma

TCCTACCTAACGGTG-------CAATTTGATGCCATGTGAGACAAGGCATTCGGTTGGAA 2040
TATTCCTT----TTG-------CGTTTTAGAATAATTTGAGGT----------------TCGTCTCTATCCGTGGGGGCTTCGTATTACGCTTATTTGCACCATTATTCCCATTGGTCA
* *
*
**
*
**
** **

H. nana
H. diminuta
H. microstoma

GAGG---------GGCTGAAATGGTCTTTTGGTGGCAAAAATGGGGGAAAAATGCCAATT 2100
---------------------TTATACTTTGTTGAAAAAAATTAATAAAATAT-CC---AGGCATACTTGTCGAATTGAGTACATATTTCTTTGCGTATATCCGTGTGCTTCGTTGGCT
*
*** *
* **

H. nana
H. diminuta
H. microstoma

T-TCTGACAAAATTAAAAATAAAAAATTATTTTTCTGCATAGAAATGAGTTTATTTCACA 2160
--TTTCACCAACTTCAAATGGAT------CTTTTCTGTATTAA---GTGTCTACTTCAGA
TCGCGGATTTGTCTACTGTGCGTATACACATGTTTTTCGTCACCTTGTTCTAATTTTTTA
*
*
* ** *
*
*
* **
*

H. nana
H. diminuta
H. microstoma

ATTTCTAACATAACGACACCATTTGATG--TCATGCGAGACAAGGCATTCGGTTGGAAGA 2220
GT-----------------CATTTTCTC--CCATTT----CAAAGCCTTTCTTTTAAAAGATAGATAGGTAGATAGATAGATAGATAGATAGATAGATAGAAGGTGGCACTTGCTGCAA
*
*
** *
*

H. nana
H. diminuta
H. microstoma

GGGGCTGAAATGGTCTTTTGGTGGCAAAAATGGGGAAATAAATGGCAATTTTCTGACAAA 2280
-----TAAAAT---------------AAAATAAAATAAATGTTATGAGTTTTTTT----T
AGCAATGAAGTCTGCTACTCAATCATCTTCTTATCTTAGGTTTGTCCTTCTACCCATGGC
* ** *
*
*
*
* *

H. nana
H. diminuta
H. microstoma

AATAAAAAGTAAGAATTATTTTTCTG--------CATAGAAATGAGTTTATTTCAC---- 2340
AATGAAA---------TATTT--------------ATAAAGATTAGGTTAT--------ACTAAATCCCATCCCTTTTCGTACTAGGCCATTCTATTAAAGTGGAAATATACTGCATTT
* * **
* *
** * *
***

H. nana
H. diminuta
H. microstoma

CATATTCTACCTAGCAGTGAATTTGATGAATTGTGCGT--TAAAGCATTGGGCTGGAAGA 2400
-ATTCTCCACTTTAAGGTATAT---ATTAGTATAACTT--GGACACTTTAG--TGTGAGA
CACTTGCATTTACAAAGTAGGCAAAAACGTGTCAATTTAATGAATGATTTGGCATGAAAA
*
*
**
*
*
*
** *
* *

H. nana
H. diminuta
H. microstoma

GGGGCTGAAATGGTAATTTGGTGC-AAAAATAGGAAATAAATGGCAATTTTCTGGAAAAA 2460
AGAAGCAAAATTGTGATAAAAAGT-AATAATTAAAGGCAAAAAATAA-------GTAAAT
GATGTCAAAAGGGCCATTTGGTGTCAAAAAAGAAAGATTAATGGAGATTTTCTGCCAAAA
*** * **
* ** **
*
**
*
***

H. nana
H. diminuta
H. microstoma

ATAAAAATTAAAAATTACTTTTCTGCATAGAAATAGGTTTATTTCACCATATTCTACCTA 2520
AAATAAATAAAATAATACATTTTTTTGTAGAATTTGTTTTATTTTATCATTTTTTACCTA
AAATAAATAAATAAAATATATTTTTTGCGGAATTATGTTAATTTTAGCATTTCCAACCTA
* * **** ** *
** *
*** *
** **** * *** *
*****

H. nana
H. diminuta
H. microstoma

ACGGTGCAATTTGATGCCACGTGGGACAACACGTTCTACCTGTTTATTTCACTACGAAAA 2580
TGGGTGTAATTTGGTGCCA-ATCCAATAGGGCATTCTGCCTGTTTTCCTCGATACGCAAT
TGGGTGCAATTTGATGCCC-GTGGGACGACGCATTCCACCTGTTTTCTTCGGTGCGCAAT
**** ****** ****
*
*
* *** *******
** * ** **
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H. nana
H. diminuta
H. microstoma

AGTTCTTCTATGCGGAACAAACAGCCGCTCTACTATATAGTAGGTGGTGCGCTCGATGGT 2640
ATAGCATCTCGACGTAACAAACTCCTACCCTATTATATGGTAGGTGGTGTTCACTACTGT
AGATGTTCTGTGCGGTGTACTCTCAATCACACTATTGTAGTAGGTGGTGCTGCCATTCGT
*
***
**
* *
* *
* * **********
*
**

H. nana
H. diminuta
H. microstoma

TTAGTGCGCCCCCCAGCCTATGCAGCCCTCTAAGCCTGTGCAGTTCAAGCGTATGCAGAA 2700
GTGATATGCTACC-AGCCTATGCGGCGCTCTAAGGCTGTGCAGTTCAGGCGTATGCAGAA
GTGA-GCGCCACC-GGCCTATGCAGCCCTCTAAGCCTGTGCTATTCAAGCTCATGCAGAA
*
** ** ******** ** ******* ****** **** ** ********

H. nana
H. diminuta
H. microstoma

CAGCGTTAAGCAGTGCTGGAGTACTTGCTAGAGCGTAGGCTACAGCG------CGAAAGC 2760
CAGCAATAAGCAGTGCTAGTGCGCTAAATTAAGCATAGGCTTTAAAATTATTTCAATTGC
AAGCAACAAGCAGTGCTGGAGTGCTTGCTCGAGCGTAGGCCATGGGACGAACCCAATTCC
***
********** * * **
* *** *****
* *
*

H. nana
H. diminuta
H. microstoma

CTT----TTCGCAG-----GTTAGGCACGTTGCTACGCTGCGTTCAGTTGTGTAGCCGTG 2820
TCT----ATCGTAGCGACGGTTAGGTACGTTGCTATGTTCTGTGTAATCATGCAGCCGTG
CCTCTCCTTCGTTTTACCGGTTAGGCACGTTGCTACGCTGTGTTCATTTGTGTAGCCGTG
*
***
****** ********* * * ** * * ** *******

H. nana
H. diminuta
H. microstoma

CCTTGCCATCATTTAAGCTTGTACGTGTGTGTGCGCGTGTGAGGAGGAGGCCCTGGTCTC 2880
CCTTGCCATCATTA------------GTGTATG-----------AGGAAGCGCTTGTTTC
CCTTGCCATCATTGATGCCTGTGCGTGTGTGTG-----------AGGAGGCACTGGTCTC
*************
**** **
**** ** ** ** **

H. nana
H. diminuta
H. microstoma

TCTCTCTCTCTCTCACTCCTCGCATGCAAGTACGGCATTCATGTTGACTGCTTTCTCGCG 2940
T------------------TCATATGCGAGTGCATT-TGTATTGTGGCTACTCTCTTGCA
C------------------TTGCATGCAAATACAGCATTCGTATCGCGTGCTCTCTCTCA
*
**** * * *
*
*
* * ** *** *

H. nana
H. diminuta
H. microstoma

GTTGCTGTGATAGTTCACTAGCGCCAGCTTATGCCA-TTGCCGGGTCGAAGCTTGTTTCG 3000
GTCCCTGCTATATTTTACTAGCACCAGCGTATACTTCTTGTTGGGTCGAAGCTTGTTTCA
GTCGCTG--ATATTCCACTAGCGCTGGCTTATACTA-TTGCTGGGTCGAAGCTTGTCTCG
** *** *** * ****** * ** *** *
*** ************** **

H. nana
H. diminuta
H. microstoma

CTTACTCCGCC---CCACGTCCACAATAATACAGTACGTCTGCATTGTTGTGTGCTTCTG 3060
CTTGCAGTGCC---CCGCGCCCACAGTGATGTAGTACGTCTGCATCATTGTGTG-----CTTACTCCGCCGTCCCACGTCCACACTAATGCAGTACGTCGGCATTGTTGTGTG-----*** *
***
** ** ***** * ** ******** **** *******

H. nana
H. diminuta
H. microstoma

TTGCTGCTACGTGGTTTGGGGGACGTAATGCTTGGAGGCCGCTCCCCGAAGGTATACATG 3120
TTGTTGCGTGGTGGTATGCA------AATGCCTAGAGGCCGCTCCCCGAAGGTATACATG
---CTGTTACGTGGTGAAGG---TGTAATGCCTAGAGGCCGCTCCCCGAAGGTATAAATA
**
*****
***** * ********************** **

H. nana
H. diminuta
H. microstoma

TGAGTGGAGTGAATTAGTAGCAGTGGCTACGAGAGGGTCGTCGTAGCATTTTTGTGCGGT 3180
--AGTGGAGTGAATTGGT---AGTGGCTGTGAATGGGTAATTGCAGTATATTT-TGCAGA
--AGTGGAGTGAATTAGC---AGTAGCTGCGAGGGAGC---------------------************* *
*** *** ** * *

H. nana
H. diminuta
H. microstoma

GGTGGCGAGTACGGCGAGTGTTTCGCTCGCTAGCTCCCTATCTAACCCTCTCATCGGGTT 3240
GGTGGTGAGTATGGCGAGTATTTTACTCGCT--CTCTCGGCCCTACGTGGTCGTCGGGTT
GATGGTGAGCACGGCGAGTGTTTCGCTCGCTTGCTC-CTATCTATGCCTCTCTCCGGGTT
* *** *** * ******* *** ****** *** *
*
** ******
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H. nana
H. diminuta
H. microstoma

GTAGGCAATGCGTCTGCCTGTGGGTGCGCTCCCTCAACTCGGGTTTGTGTGTGTTGCTGC 3300
GTAGGTAGTGCGCCTAT------ATACGCATCCTCAACTCGAATTTGTGTGTGT-----GTAGGCTGTGCGCCTGTGT----GCACGCATCCTCAACTCGGGTTTGTGTGTGTTGCTGT
*****
**** **
*** ********** ***********

H. nana
H. diminuta
H. microstoma

GGGTAATCCAGCTATCTGTGTCAACGGTCTGTCTACGGATGGAGGTGCAGTGGCGTGGTG 3360
GGGTAATCCAGTTATCTATATATACAGTCTGTCTACAGATGGAGGTATA-TGGCGTGGTG
GGGTAATCCGGCTACCTGTGTCAATGGTCTGTCCACGGATGGAGGTGCGGTGGCGTGGTA
********* * ** ** * * * ******* ** *********
*********

H. nana
H. diminuta
H. microstoma

CCTAGCTCATCAGCGGTGCGGCAGCCCTGGGCT-ACT---------------------CT 3420
CCTAGCTCACCAGCGGTATGGCAGCTCTGGGCTTACTGTGATTGTGTTTGTGTTTGTGTT
CCTAGCTCATCAGCGGTGCGGCAGCACTGGGCG-TCTGT-----TTCCCAATGCTGTCTG
********* ******* ****** ******
**

H. nana
H. diminuta
H. microstoma

TGTCTCCCAGTGCTACT-----ACTACTGTGGTTGAGTGGGTGCGAGGCCATGGCCTCCG 3480
TGTTTCCTGGTGCTGTTCGTGTAATACTGTGGGCGAGTTGGTACGAGGCTATGACTTCCG
TCTGTGTGTGTGTTGTCTACACAATACTGTGGATGAGTGGGTACGAGGCCATGGCCTCCG
* * *
*** *
* ******** **** *** ****** *** * ****

H. nana
H. diminuta
H. microstoma

TGGCGTATTTACCAGATTGACCAGTCCTGTTTATAGCGTGTGGGTCAGCAAGTAAGCTGG 3540
TGATGTACTTACTAGACTGGCTGGTCCTGTATAGAGCGTGTGGGTCAGCAAGTAAGCTGG
TGACGTATTTACCAGATTGACCAGTCCTGTATAGAGCGTGTGGGTCAGCAAGTAAGCTGG
** *** **** *** ** * ******* ** **************************

H. nana
H. diminuta
H. microstoma

CGGCAGCAAGTCTGGCTCACTCGCGAGTGCATTTCGATAAGCGCGGATCCCTACCTACCA 3600
CGGCAGCAAGTCTGGCTCACTCGCGAGTGCATTTGGATAAGCGCGAAACCTTA------CGGCAGCAAGTCTGGCTCACTCGCGAGTGCATTTAGATAAGCGCGAAGCCCTAC-TACCT
********************************** ********** * ** **

H. nana
H. diminuta
H. microstoma

AGGGATTCGGCTACGTTGGTGTGA-ATTACTGCCAACGCTTGTG-------------TAT 3660
-GGGGTTCGGCTATGTTGGTGCATTACTACTGCCAACGTTTATACGTGTGTGTGTGTTAC
AGGGATTCGGCTATGTTGGTGCCT---TACTACCAACGCTTGTGCATGTGC---TACTAT
*** ******** *******
**** ****** ** *
**

H. nana
H. diminuta
H. microstoma

CAATGCTATGCCCGCAGTCCTGGAAGGATGTGTGCATAGGCGAATAATG----------- 3720
TAATACTATGCTCGCAGTCCTGGAAGGATGTGGGCATAGATGAATGATGCGGAGACTATT
CAATGCTATGCTCACAGTCCTGGAAGGATGTGTGCATAGGTGAATAATGATGCGGCCGTG
*** ****** * ****************** ****** **** ***

H. nana
H. diminuta
H. microstoma

-----------------------------------ATGCGGC---------GGCTGCGAT 3780
ATGGATCATCATTATTAGTCTCTAGCGTTATAGCTGTCTGTC---------AGTAGCGAC
GCTGTCTGCCTGTATGCCTGCCTGCCTGTCTGCCTGTGTGTCTGAGTGAGTGATGGTGGA
* * *
* *

H. nana
H. diminuta
H. microstoma

TGCGTCCACGCATTGTTATTAATGTCAGTGGTGGTGC----------------------- 3840
TCGCTTACTCCATTGTTGCGGTTGTTGGTGTTGGTGTTGGTGTTGTGAGCA-------AG
TAGGTAGGTAGGCAGGTCCAAGTGTCAGCAGCAGCAGCAGCAGCGGCAACATTATTACAA
*
*
* *
*** *
*
IGS
18S

H. nana
H. diminuta
H. microstoma

-------------CTGCTTGCCTACGGGCAGTGGCGCACTGTTGGCGTTGAGTG--AACT 3900
ATGATGACCGCAACAGTGTGTGTGTGAGAGTGGGTGCACTACTGATGTTGAGTGTGAATT
ATGTCAGTGGTGGCCCGCTGCTACTAAGCGCAGGTACACAATTGGCGTTGAGTG--AACT
*
**
*
** ***
** ******** ** *
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H. nana
H. diminuta
H. microstoma

ACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTA 3960
ACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTA
ACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTCTA
************************************************************

H. nana
H. diminuta
H. microstoma

AGTTCATGCCTTTATACGGTGAAACCGCGAATGGCTCATTAAATCAGCTATGGTTTATTG 4020
AGTTCATGCCTTTATACGGTGAAACCGCGAATGGCTCATTAAATCAGCTATGGTTTATTG
AGTTCATGCCTTTATACGGTGAAACCGCGAATGGCTCATTAAATCAGCTATGGTTTATTG
************************************************************

H. nana
H. diminuta
H. microstoma

GATCATACTCGTTAAATGGATAACTGTAATAACTCTAGAGCTAATACATGCCACGAAGCC 4080
GATCGTACTCGTTAAATGGATAACTGTAATAACTCTAGAGCTAATACATGCCACGAAGCC
GATCGTACTCGTTAAATGGATAACTGTAATAACTCTAGAGCTAATACATGCCACGAAGCC
**** *******************************************************

H. nana
H. diminuta
H. microstoma

CTGACCCCGGGCTCCCTCGGGGAATGGGTGCACTTATTAGAACAGAAGCCAACCAGTCTC 4140
CTGACCCCG---CTCGTCGGGGAATGGGTGCACTTATTAGAACAGAAGCCAACCAGT--CTGACCCCG---CTCGTCGGGGAATGGGTGCACTTATTAGAACAGAAGCCAACCAGT--*********
* *****************************************

H. nana
H. diminuta
H. microstoma

CGCGTGCATTCCCTCCTTCGGGAGGTGTGTGCGCGGGCTGCAGCACTTCTGGTGACTCTG 4200
-ACATGCATTCTTTC-----GGGGGTGTGTGTAT----TGTAGCACTTCTGGTGACTTTG
-TTATGCATTCCTTC-----GGGGGTGTGTGAGC----TGTAGCCCTTCTGGTGACTCTG
******* **
** ********
** *** ************ **
18S

H. nana
H. diminuta
H. microstoma

GATAATTGTTACAGATCGC 4219
GATAATTGTTACAGATCGC
GATAATTGTTACAGATCGC
*******************

Figure 8.4. Sequence Alignment of H. nana, H. diminuta and H. microstoma encompassing the 3’
End of 28S (558 bp), the Intergenic Spacer (3045, 2301 and 3227 bp Respectively) and the 5’ Region
of the 18S (321 bp). Nested forward and reverse primers for the small IGS PCR-RFLP fragment (867
bp) of H. nana only are underlined.
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9. DETECTION OF THE RODENT TAPEWORM HYMENOLEPIS
MICROSTOMA IN HUMANS. EVIDENCE FOR ZOONOTIC
TRANSMISSION?
9.1.

Introduction

The cestode Hymenolepis microstoma is known to infect mice (Hopkins, et al., 1977;
Smyth and McManus, 1989), rats (Dvorak, et al., 1961; Goodall, 1972) and hamsters
(Bogh, et al., 1986) as definitive hosts. The insect Tribolium confusum acts as an
intermediate host for this parasite in which the eggs develop into cysticercoids
following ingestion (Bogh, et al., 1986; Smyth, 1994).

When H. microstoma

cysticercoids are ingested by their rodent definitive host, excystation occurs in the
duodenum followed by migration to the bile duct within 5-7 days (Kennedy, 1983).
Experiments by Mettrick and Podesta (1974) indicate that the bile duct site predilection
is highly specific for H. microstoma, however Smyth (1994) disputes this and suggests
that H. microstoma may attach in the duodenum in some hosts, such as hamsters. The
closely related species, H. nana, similarly excysts in the anterior region of the small
intestine, although migration and attachment of the adult is believed to be limited to the
lower ileum (Henderson and Hanna, 1987).

As discussed in Section 1.8, Chapter 1, a longitudinal survey of gastro-intestinal
parasites was conducted over a three year period from 1994 to 1997 in remote
communities in the north-west of Western Australia where, based on diagnosis by
microscopy of faecal samples, Hymenolepis nana was found to be the most common
enteric parasite (see Table 1.2, Chapter 1 and Reynoldson, et al., 1997). To date, there
have been no reports of the establishment of infection of this parasite in human hosts.
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In this Chapter, the unexpected discovery, using molecular tools, of a mixed infection of
H. nana and H. microstoma in four of the surveyed individuals is described.

9.2.
9.2.1.

Materials and Methods
Source and Collection of Parasite Material

Reference isolates of Hymenolepis nana, H. diminuta and H. microstoma adult worms
were obtained according to the methods outlined in Section 2.1.1. Mouse isolates of
H. nana were obtained according to the methods outlined in Section 2.1.1. Human
faecal samples were obtained according to the methods outlined in Section 2.1.2. A
summary of the samples characterised in this study are listed in Table 9.1.

Code

Species

Sample

Host

Source

Geographic Origin

Hm

H. microstoma

Adult worm

Mouse

JB

Nottingham, UK

M1

H. nana

Adult worm

Mouse

AI

Japan

Hd

H. diminuta

Adult worm

Rat

MUPTR

Perth, Western Australia

M3

H. microstoma

Adult worm

Mouse

JB

Quinta de Sao, Pedro, Portugal

M4

H. microstoma

Adult worm

Mouse

JB

Quinta de Sao, Pedro, Portugal

H3

H. nana*

Eggs in faeces

Human

MUPS

North-west Western Australia

H5

H. nana*

Eggs in faeces

Human

MUPS

North-west Western Australia

H6

H. nana*

Eggs in faeces

Human

MUPS

North-west Western Australia

H12

H. nana*

Eggs in faeces

Human

MUPS

North-west Western Australia

Table 9.1. Source of Parasites Used in this Study. Where * = diagnosed by microscopy only.
Subsequent molecular results indicated mixed infection with H. microstoma; JB = Dr. Jerzy Behnke,
Dept. of Life Sciences, University of Nottingham; AI = Dr. Akira Ito, Gifu University, Japan; MUPS =
Murdoch University Parasitology Survey; MUPTR = Murdoch University Parasitology Teaching
Resource.

9.2.2.

Purification of DNA From Adult Worms

Genomic DNA was purified from adult worms of H. nana and H. microstoma, including
the two Portugese field isolates, M3 and M4, according to the method outlined in
Section 4.2.2.
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9.2.3.

Purification of DNA From Human and Mouse Faeces

DNA was purified from human faecal samples as described in Sections 5.2.3 and 5.2.4.6
and from mouse faecal samples as described in Section 5.2.5.1.

9.2.4.

Primer Design, PCR Amplification and Sequencing

Primers designed previously, and used to amplify a 646 bp product in Hymenolepis
nana and a 748 bp product in H. diminuta across the internal transcribed spacer 1
(Section 6.2.4, Chapter 6), were used to amplify a 635 bp product from H. microstoma.
PCR reactions were carried out in 25 µl volumes according to the method outlined in
Section 2.3, using the primers F3 and R3. The forward and reverse primers, F3 and R3
respectively and the PCR conditions, are described in Section 6.2.4. Taq Extender
(Stratagene, USA) was added to the PCR mix as this improved amplification
substantially. PCR products were purified and sequenced according to the methods
outlined in Section 2.3. When direct sequencing of the PCR products yielded poor
results, the isolates were cloned and transformants screened by PCR according to the
methods outlined in Section 2.5. At least three positive clones were sequenced in both
directions using the universal M13 primers.

9.2.5.

PCR-Restriction Fragment Length Polymorphism (PCR-RFLP) of ITS1

Expected restriction fragment sizes for the ITS1 product were determined using DNA
Strider™ 1.0 (Table 9.2). Unpurified PCR products were digested overnight with the
restriction enzymes BstN I, Hph I and Msp I (New England Biolabs, Maryland, USA),
using buffers recommended by the manufacturer. 3 µl of PCR product was added to a
reaction containing 2 µl digestion buffer, 10 units of restriction enzyme and sterile ultrapure H20 (Fisher Biotech, Perth, Australia) to a final volume of 20 µl. The ITS1
restriction fragments were separated by horizontal electrophoresis through a
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1.5% agarose (Promega, Wisconsin, USA) gel in TAE and post-stained with ethidium
bromide.

Isolate

Host

Size of PCR
Product (bp)
646

BstN I
Predicted
Fragments
182, 59, 403

Msp I
Predicted
Fragments
223,423

Hph I
Predicted
Fragments
91, 116, 279, 160

H. nana†

Mouse

H. microstoma†

Mouse

635

141, 74, 420

49, 586

51, 584

Table 9.2 Predicted Restriction Fragments (bp) of the PCR Fragment Generated by F3 and R3
Primers (ITS1 region) of H. nana and H. microstoma. Where † = laboratory reference isolates used as
controls for PCR-RFLP profiles.

9.2.6.

Specificity Testing of ITS1 Primers

The F3 and R3 primers were tested extensively for specificity by performing PCR
reactions under the same conditions using DNA extracted from Hymenolepis nana,
H. diminuta, H. microstoma, Giardia duodenalis, Cryptosporidium parvum,
Tritrichomonas foetus, Escherichia coli, human blood and normal human faeces DNA
according to the method outlined in Section 6.2.5.

9.2.7.

Morphological Comparison of H. nana and H. microstoma Eggs by
Microscopy

Eggs from the laboratory reference isolates of H. nana and H. microstoma, as well as
field isolates of H. nana (eggs in faeces) and H. microstoma (adult worms) collected
from rodent hosts, were compared morphologically using light microscopy. Eggs from
faecal samples were obtained using ZnS04 flotation according to the methods outlined in
Section 2.2 and resuspended in PBS. Eggs from adult worms were gently ‘teased’ from
the terminal gravid proglottids with a metal probe and placed in PBS. Aliquots of eggs
of each species were viewed, without staining, by light microscopy and Nomarski
Differential Interference microscopy with an Olympus BX 50 (Olympus Optical
Company Ltd, Japan) microscope using the objective lenses 20x and 40x with 10x
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eyepieces. Digital images were captured and stored to disk using Optimas for Windows
(Version 5.2, 1995, Optimas Corporation, Washington, USA).

9.3.

Results

9.3.1.

Sequence Analysis of ITS1

Direct sequencing of a PCR product was achieved with the laboratory reference isolate
and the two field isolates of Hymenolepis microstoma, Hm, M3 and M4 respectively,
and the reference isolate of H. nana, M1, however, all other isolates needed to be cloned
to obtain readable sequences. Sequence analysis of at least three clones containing the
ITS1 fragment amplified from H2, H3, H6 and H12 from humans revealed that, in some
instances, the cloned insert fragments did not align with the sequence of H. nana.
Alignment of these sequences against the sequences for the same ITS1 region of other
hymenolepidid species sequenced in this study (Chapter 6), revealed them to be
identical, or nearly identical with the reference isolate of H. microstoma (Figure 9.1).
Hm
M3
M4
H12
H6
H3
H2

---------------------------GCGGAAGGAT
..........
..........
..........

---------------------------CATTACACGT
..........
..........
..........

---------------------------TCCAATCCAC
..........
..........
..........

38
-------TAT
-------...
-------...
ATAACCC...
..........
..........
..........

GTGCTGCTGC
..........
..........
..........
..........
..........
..........

CGGTGAGTGG 60
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

GCGAGCAATC
..........
..........
..........
..........
..........
..........

GTCCACCGTT
..........
..........
..........
..........
..........
..........

GGTGGTATGC
..........
..........
..........
..........
..........
..........

TGAATCATTT
..........
..........
..........
..........
..........
..........

CGCTGAATAT
..........
..........
..........
..........
..........
..........

GTTTCAAACA 120
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

TATTTCGCCT
..........
..........
..........
..........
..........
..........

GCGGTGGGGT
..........
..........
..........
..........
..........
..........

GCCTGGTCCG
..........
..........
..........
..........
..........
..........

156
CCTAATACCC
..........
..........
..........
.....y....
..........
..........

TAGAGATATG
..........
..........
..........
..........
..........
..........

CTCGCGTATT 180
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

TGTTGCTTGC
..........
..........
..........
..........
..........
..........

ATCAGCAGAT
..........
..........
..........
..........
..........
..........

ATATCCCAGG
..........
..........
..........
..........
..........
..........

221
227
AGGTGGAATA
..........
..........
..........
r.........
..........
......r...

GTGCATGTGC 240
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12

TTCTGTAGCG
..........
..........
..........

CGCACCAGTG
..........
..........
..........

ATGCTGGTCC
..........
..........
..........
..........
..........
..........
261
ATGTGTTGCG
..........
..........
..........

TTGTGCTGTG
..........
..........
..........

CTGTGGGGCT
..........
..........
..........

CATGTGCGAG 300
..........
..........
..........
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H6
H3
H2

.......... .......... r......... .......... .......... ..........
.......... .......... .......... .......... .......... ..........
.......... .......... .......... .......... .......... ..........

Hm
M3
M4
H12
H6
H3
H2

304
GCGTAAGACG
..........
..........
..........
..........
...y......
..........

TTTGAGTGAT
..........
..........
..........
..........
..........
..........

GGTAGCGCTA
..........
..........
..........
..........
..........
..........

TCGCGCTGTC
..........
..........
..........
..........
..........
..........

TCTTCTACGC
..........
..........
..........
..........
..........
..........

GCCCCACTAT 360
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

GTGTCGAGTT
..........
..........
..........
..........
..........
..........

380
TATACACTTG TTACAATGTG
.........a ..........
.........a ..........
.........a ..........
.........a ..........
.........a ..........
.........a ..........

397
TAAGATTGAT
..........
..........
..........
..........
......y...
..........

GAGCAGACGT
..........
..........
..........
..........
..........
..........

GCGCCGCCTC 420
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

TGGGTGGTTG
..........
..........
..........
..........
..........
..........

CTGTTTGCTT
..........
..........
..........
..........
..........
..........

CATCATATCG
..........
..........
..........
..........
..........
..........

AAACATGCTG
..........
..........
..........
..........
..........
..........

TCTGCCGCTG
..........
..........
..........
..........
..........
..........

CTACTACTCA 480
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

TGCAGTAGCG
..........
..........
...r......
..........
...r......
..........

GTCATTCATG
..........
..........
..........
..........
..........
..........

505
CATGTGGTGC
..........
..........
..........
..........
..........
..........

ACTCGCAATA
..........
..........
..........
..........
..........
..........

CTTGTATTGT
..........
..........
..........
..........
..........
..........

GTGTGACCCT 540
..........
..........
..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

AAAATATACC
..........
..........
..........
..........
..........
..........

ACCATACGCT
..........
..........
..........
..........
..........
..........

568
ATATGCACGT
..........
..........
..........
..........
.......y..
..........

576
GTGTGTGTAT
..........
..........
..........
..........
..........
.....--...

GCAAAGAACT
..........
..........
..........
..........
..........
..........

596
GTATGC---- 600
......---......---..........
..........
..........
..........

Hm
M3
M4
H12
H6
H3
H2

---------------------------GATCACTCGG
..........
..........
..........

---------------------------CTCGTGGATC
..........
..........
..........

---------------------------GATGAAGAGT
..........
..........
..........

----- 635
--------GCAGC
.....
.....
.....

Figure 9.1. Sequence Alignment of the ITS1 Region of H. microstoma (635 bp) Reference Isolate
(Hm); Two Portugese Field Isolates (M3, M4) and Four Human Isolates From Australia (H2, H3,
H6, H12). Sequences of multiple clones of each human isolate (H2, H3, H6, H12) are represented by a
single sequence except where polymorphisms are noted (IUPAC code inserted:Y = C or T; R = A or G);
where - = gap inserted for alignment or region not sequenced; . = sequence homology with H. microstoma
(except bases 1-38 and 596-635).

9.3.2.

Intra and Inter-Individual Variation

Intra-individual variation (between clones) was extremely low in all human samples.
The nucleotide polymorphisms (2 bases at one position) detected between clones are
highlighted in Figure 9.1. In H12 the clones were 99.8% similar; in H6 they were
99.7% similar and in H3 they were 99.1% similar (Table 9.3). No calculation was
possible for H2 because only one clone was included. A transition of G to A at base
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380 was found in all the human isolates, as well as the two Portugese mouse isolates,
M3 and M4, in comparison with the laboratory isolate of H. microstoma (Figure 9.1). A
deletion was found at bases 576-577 in one clone of isolate H2, resulting in the loss of
2 bp (TG) in comparison with other clones from the same isolate.

Hn
Hm
M3
M4
M15c4
H12c1
H12c2
H12c3
H6c4
H6c5
H6c6
H3c5
H3c6
H2c5

Hn

Hm

M3

M4

68.8
69.2
69.2
64.2
69.5
64.8
64.5
64.5
63.9
64.2
64.8
64.2
64.0

99.8
99.8
100
99.6
99.6
99.8
99.8
99.5
99.6
99.3
99.3
99.6

100
99.8
99.8
99.8
100
100
99.6
99.8
99.5
99.5
99.8

99.8
99.8
99.8
100
100
99.6
99.8
99.5
99.5
99.8

M15
c4

H12
c1

H12
c2

H12
c3

H6
c4

H6
c5

H6
c6

H3
c5

H3
c6

99.7
99.7
99.8
99.8
99.5
99.7
99.4
99.4
99.7

100
99.8
99.8
99.5
99.7
99.7
99.3
99.7

99.8
99.8
99.5
99.7
99.7
99.4
99.7

100
99.7
99.8
99.5
99.5
99.8

99.7
99.8
99.5
99.5
99.8

99.5
99.2
99.2
99.5

99.4
99.4
99.7

99.1
99.4

99.4

Table 9.3. Similarity Matrix of Hymenolepis microstoma Isolates in Humans rDNA ITS1 Region
(Kimura’s Distance).

A full comparison could not be made of the entire 635 bp for all samples because some
sequence data was lost when direct sequencing of the PCR product was performed, in
comparison with sequencing of clones with M13 primers (See bases 1-38 and 596-635
in Figure 9.1). Although intra-individual and inter-individual differences were found
between clones of isolates H3, H6, H12, and between field and laboratory
H. microstoma isolates, M3, M4 and Hm respectively, the calculated differences were
much lower than the inter-species variation found between H. microstoma and H. nana
which were only 68.8% similar (Table 9.3).

9.3.3.

Specificity

The results obtained for the specificity testing of the F3 and R3 primers are described in
Section 6.3.4 and are shown in Figure 6.5, Chapter 6.
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9.3.4.

PCR-RFLP Analysis of ITS1

PCR-RFLP analysis of the PCR product generated by the F3 and R3 primers was
conducted on the Hymenolepis nana and H. microstoma laboratory isolates and on four
samples amplified from DNA extracted from Hymenolepis eggs in faeces from humans
(H2, H3, H6, H12). Restriction digestions were also conducted on the two field isolates
of H. microstoma from Portugal (M3 and M4) and on a mouse faecal sample from
Australia (M15) which previously was found to be a mixed infection of H. microstoma
and H. diminuta (Chapter 7).

RFLP profiles of these samples, digested with the

restriction enzymes BstN I, Msp I and Hph I, are shown in Figures 9.2a, 9.2b and 9.2c
respectively. RFLP analysis of digests yielded distinct profiles for the H. nana and
H. microstoma reference isolates, which corresponded to the predicted profiles of each
enzyme (Lanes 3-4 respectively, Figures 9.2a, 9.2b and 9.2c).

The actual RFLP profiles obtained for the human isolates H2, H3, H6 and H12 were
consistent with the predicted fragments (Table 9.4) of a mixed infection with H. nana
and H. microstoma (Figures 9.2a, 9.2b and 9.2c). In the BstN I digest two fragments
appear to have co-migrated (403 bp and 420 bp) however, as this did not affect the
diagnostic nature of the resulting profile, it was not considered a disadvantage. In
addition, a distinct RFLP profile was also obtained for the mixed infection of
H. microstoma and H. diminuta in the mouse isolate, M15, using all three restriction
enzymes (Lane 10, Figures 9.2a, 9.2b and 9.2c).
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Isolate

Host

H2

Human

Size of
PCR
Product
(bp)
646*

H3

Human

646*

182, 59, 403,
141, 74, 420

182, 59
141, 74, 420#

223, 423,
49, 586

91, 116, 279,
160, 51, 584

H6

Human

646*

182, 59, 403,
141, 74, 420

182, 59
141, 74, 420#

223, 423,
49, 586

91, 116, 279,
160, 51, 584

H12

Human

646*

182, 59, 403,
141, 74, 420

182, 59
141, 74, 420#

223, 423,
49, 586

91, 116, 279,
160, 51, 584

Predicted
RFLP
Fragments

BstN I
Actual
Fragments

Msp I
Actual
Fragments

Hph I
Actual
fragments

182, 59, 403,
141, 74, 420

182, 59
141, 74, 420#

223, 423,
49, 586

91, 116, 279,
160, 51, 584

Table 9.4 Actual Restriction Fragments of the PCR Product Generated by the F3 and R3 Primers
(ITS1 Region) of DNA Extracted From Four Human Isolates. Where * = co-migrating bands of 635
and 646 bp not resolved on a 1.5% agarose gel; # = co-migrating bands of 403 and 420 bp not resolved on
a 1.5% agarose gel.
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(a)

(b)

(c)

Figure 9.2 (a) Ethidium Bromide Stained 1.5% Agarose Gel in TAE Showing the PCR-RFLP
Profiles of the ITS1 of Isolates of Hymenolepis nana and H. microstoma Digested with BstN I. Lane
1 = molecular weight marker (100 bp ladder, New England Biolabs, Maryland, USA); Lane 2 =
undigested H. microstoma reference isolate (635 bp); Lane 3 = digested H. nana reference isolate
(control); Lane 4 = digested H. microstoma reference isolate (control); Lane 5 = H. nana + H. microstoma
(control mixed infection digest); Lane 6 = H2; Lane 7 = H6; Lane 8 = H3; Lane 9 = H12; Lane 10 = M15;
Lane 11 = M3; Lane 12 = M4. (b) Ethidium Bromide Stained 1.5% Agarose Gel in TAE Showing the
PCR-RFLP Profiles of the ITS1 of Isolates of Hymenolepis nana and H. microstoma Digested with
Msp I, Lane layout as above (c) Ethidium Bromide Stained 1.5% Agarose Gel in TAE Showing the
PCR-RFLP Profiles of the ITS1 of Isolates of Hymenolepis nana and H. microstoma Digested with
Hph I, Lane layout as above.
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9.3.5.

Morphology of H. nana and H. microstoma Eggs

Laboratory reference isolates of Hymenopesis nana and H. microstoma eggs were
examined using light microscopy with 200x magnification (Figures 9.3a and 9.3b
respectively). The field isolates of H. nana and H. microstoma were also examined at
the same magnification (Figures 9.3c and 9.3d respectively). In addition, Nomarski
Differential Interference microscopy was used to identify morphological features of
eggs from both H. nana (Figure 9.3e) and H. microstoma (Figure 9.3f) using 400x
magnification.

Figure 9.3 Light- and Nomarski Differential Interference -Microscopy of Unstained Hymenolepis
nana and H. microstoma Eggs using a BX 50 Olympus Microscope (Olympus Optical Company Ltd,
Japan). (a) Hymenolepis nana laboratory reference isolate (rodent); (b) H. microstoma laboratory
reference isolate (rodent); (c) H. nana field isolate (human); (d) H. microstoma field isolate (rodent); (e)
polar filaments of H. nana; (f) polar filaments of H. microstoma; (g) H. nana egg - elliptical shape.
Images captured to disk using Optimas for Windows (Version 5.2) (Optimas Corporation, Washington,
USA).

In this study, H. nana eggs were found to be highly variable in size (see for example
Figures 9.3a and 9.3c). Similarly, the eggs of H. microstoma were highly variable in
size (Figure 9.3d). In some instances, H. microstoma eggs appear more ‘elliptical’ in
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shape than H. nana although this character is unreliable because H. nana eggs were
found to vary in shape from spherical (Figure 9.3e) to elliptical (Figure 9.3g) (also see
diagrams in Ash and Orihel, 1990). Furthermore, H. nana and H. microstoma both
contain polar filaments in their eggs (Figures 9.3e and 9.3f respectively).

9.4.

Discussion

In this study, the detection of Hymenolepis microstoma in humans, initially by
sequencing and subsequently confirmed with PCR-RFLP, was unexpected and
surprising. As mentioned, there have been no reports in the literature of the presence of
this parasite in human hosts to date, and thus, the findings presented here represent the
first ever report of the transmission of this rodent tapeworm to human hosts.

The eggs of H. nana and H. microstoma are morphologically very similar and are
difficult to distinguish using microscopy alone. Polar filaments are present in the eggs
of both species, thus they are indistinguishable by this criterion. H. microstoma eggs
are generally believed to be larger than H. nana eggs (Baer and Tenora, 1970), however
due to the variability in size of the eggs of both species, this characteristic alone appears
to be unreliable for diagnosis.

Although adult worms of H. microstoma may be

distinguished from H. nana on the basis of selected characteristics, such as hook shape
and site of attachment (Baer and Tenora, 1970; Czaplinski and Vaucher, 1994), these
differences are not manifested in the eggs shed in the faeces.

Due to the high morphological similarity of the eggs it is possible that infections of
H. microstoma in humans have previously been mis-diagnosed as H. nana. It is also
possible that, in general, infections in humans may have been under-diagnosed due to
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the sporadic egg shedding known to occur with Hymenolepis spp. (Schantz, 1996). For
example, low fecundity, and thus reduced egg shedding, has been documented in
H. nana, H. diminuta and H. citelli in response to factors such as the quality and
quantity of the host diet, especially reduced carbohydrates, amino acids and vitamins
(reviewed by Kennedy, 1983). In addition, variations in the host’s nutritional intake is
believed to affect the size of the adult worm which, in turn, is reported to influence the
fecundity of Hymenolepis spp. (Kennedy, 1983).

The collection of multiple stool

samples over a period of days may overcome the potential problem of under-diagnosis
due to sporadic shedding of eggs, however, this relies on high levels of compliance by
the individual and thus, may be impractical in some circumstances.

Unlike H. nana, H. microstoma is believed to require an intermediate host to complete
its lifecycle (Bogh, et al., 1986; Kennedy, 1983), suggesting that ingestion of an
infected insect host would be necessary for the development to adult stage in the
definitive host. However, given the low incidence of H. diminuta in humans in these
same communities (Chapter 7), it would appear that human ingestion of beetle hosts
does not occur frequently and thus, the presence of H. microstoma in humans is unlikely
to have occurred via this route. This suggests that, like H. nana, direct faecal-oral
transmission with eggs may be possible for H. microstoma.

Interestingly, there has been ongoing controversy regarding the taxonomic identity of
the two hymenolepidid species, H. microstoma Djardin, 1845 and H. straminea Goeze,
1782, and whether they represent the same, or different species. For example, both Baer
and Tenora (1970) and Vaucher (1992) identify them as synonymous species, the latter
based on morphological characters such as hook shape and arrangement of their
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reproductive organs.

More recently, Singleton et al. (1993) identified adult

hymenolepidid worms that were located in the bile duct of mice as H. straminea
(although assigned to the genus Vampirolepis), a physiological migration feature usually
attributed to H. microstoma (Kennedy, 1983). They were identified on the basis of the
site of location (bile ducts) combined with the large size (120 – 160 µm) of the cirrus
pouch (male reproductive organ) which is approximately twice the size that of H. nana
(60 – 73 µm) and those authors conclude that H. microstoma and H. straminea are
synonymous (Dr. D. Spratt, pers. comm).

The significance of this taxonomic confusion is increased in light of information
reported by Skrjabin and Kalantarian 1942 (in Baer and Tenora, 1970), who suggest that
the hymenolepidid H. straminea Goeze, 1782 completes its lifecycle in its mammalian
definitive host without the need for an intermediate host. The lack of a requirement for
an intermediate host (see Chapter 1) may not, therefore, be attributable to H. nana
alone. This finding has not been reported in the medical literature, perhaps due to the
fact that, like H. microstoma, H. straminea is not expected to occur in humans. The
data presented here does not attempt to address the putative synonymy between
H. microstoma and H. straminea. However, given the controversy over their taxonomic
identity, combined with the suggestion that an intermediate host is not required by the
latter species, one might speculate that H. microstoma similarly may not require an
intermediate host for completion of its lifecycle. This further increases the possibility
that direct transmission from rodents to humans may occur with this species.

In some of the communities surveyed for this study domestic rodent species, such as
Mus domesticus and Mus musculus, which inhabit human dwellings, are very rare or
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non-existent (Dr. Ric Howe, pers. comm). ‘Wild’ mice species, such as Mus spretus
which form their habitats away from human dwellings, are known hosts of both H. nana
and H. microstoma in Portugal (Dr. Jerzy Behnke, pers. comm). Similarly, in Australia
wild mice species normally form their habitats separate from human dwellings. These
wild mice species represent a potential definitive host, and reservoir, of H. microstoma
and their role in the zoonotic transmission in remote communities must be considered.
However, humans are unlikely to have very high contact with rodent habitats that are
formed away from human dwellings, thus the potential for ongoing zoonotic
transmission is probably low. This suggests that direct ‘human to human’ transmission
may also occur with this species.

The development of patent infections of H. microstoma in humans may be more likely
to occur in individuals with immuno-compromised immune systems. Any prolonged, or
even transient, systemic immuno-suppression may enhance establishment of the parasite
in possibly ‘atypical’, or previously unrecognised, hosts such as humans. Treatment
with corticosteroids for medical conditions unrelated to parasitic infections may have
pre-disposed some individuals to infection with H. microstoma.

The host’s

inflammatory response, that would normally aid in the expulsion of infections, is
suppressed with steroid treatment because the anti-inflammatory effects of steroids
counter the their inflammatory response (Lucas, et al., 1980).

Malnourishment, diabetes (Makled, et al., 1994) alcoholism and cancer (Lucas, et al.,
1980) are almost certain to be contributing factors to the depression of the immune
system and may enhance the development of infections with parasites, such as
H. microstoma, in humans. According to Andreassen (1998), depression of the immune
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system as a result of infections with the protozoan Giardia duodenalis may occur and
thus, may be responsible for a reduced tolerance to infection with other parasites. As
discussed in Chapter 1, individuals in the communities surveyed for this study were
almost always infected with more than one parasite including Giardia duodenalis. In
addition, hookworm infection was high in some communities (Hopkins, et al., 1997a;
Reynoldson, et al., 1997).

The tolerance of parasite species in ‘atypical’ hosts has been documented by others. For
example, experiments conducted by Befus (1975) suggest that experimental inoculation
of the rat tapeworm, H. diminuta, into a mouse host usually leads to destrobilation and
rejection of stunted adult worms although a low threshold of infection may be tolerated.
In the current study, when wild mice were dissected for the purpose of obtaining
H. nana they were often harbouring H. diminuta also, although the latter species were
usually stunted and destrobilated (Dr. Jerzy Behnke, pers. comm).

Others have

consistently reported the resistance of rat hosts to infection with the mouse tapeworm,
H. nana, unless they have been immuno-suppressed with cortisone (Ito, 1983; Ito,
1984a; Ito and Kamiyama, 1987).

Similarly, in experiments conducted under laboratory conditions, infection rates of
H. microstoma in the rat host have been found to be very low, resulting in small and
immature worms that destrobilated within 9 days post infection (Goodall, 1972). Thus,
even if viable H. microstoma eggs were ingested by human hosts they may only have
developed to immature stages, destrobilating prior to full maturation to the adult worm
stage.
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The detection of Hymenolepis eggs by microscopy, in the faeces of the four individuals
discussed in the present study, implies that patency of infection with a Hymenolepis
species has occurred. However, the molecular detection of H. microstoma does not
necessarily require parasite eggs as the source of DNA. Due to the high sensitivity of
PCR, any segment of a tapeworm including destrobilated immature proglottids, would
provide sufficient DNA for amplification by PCR (McManus and Bowles, 1996). Thus,
the detection of H. microstoma in humans by molecular techniques, would still be
possible in the absence of patent infections.

Whilst Hymenolepis spp. eggs were

detected, by microscopy, in these samples the morphological similarity between
H. nana and H. microstoma means that a distinction was not made from microscopical
examination alone.

Another possibility is that humans could be accidental vectors of H. microstoma. The
passaging of H. microstoma eggs through humans, as a result of ingestion of eggs
without the development to mature adult worms, must be considered. For example,
Hymenolepis eggs have been detected in the faeces of dogs living in the same locality as
infected owners (Jenkins and Andrew, 1993). Similarly, previous studies in the northwest of Western Australia revealed morphologically normal Hymenolepis eggs in faecal
samples collected from dogs living in communities endemic for Hymenolepis spp.
(Thompson, et al., 1993). It is presumed, therefore from both these reports, that the
transit time through the dog gut is rapid enough to enable the eggs to remain intact
during passage despite a lack of patency in dogs.

From the results of this study, it is clear that the advent of molecular biology has
provided a sensitive tool for both the detection and genetic characterisation of two
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Hymenolepis species that are morphologically highly similar. For diagnostic purposes
alone, PCR-RFLP analysis provides an inexpensive molecular tool for the detection of
H. microstoma in faecal samples that overcomes the need for sequencing. However, in
order to instigate effective control strategies within endemic communities, it will be
very important to establish whether an intermediate host is required for the development
of the eggs of H. microstoma to cysticercoid stages and, if so, whether the infection can
then be transmitted to humans. Despite the suggestion of a direct transmission route by
Skrjabin and Kalantarian (1942) the findings have not been verified by others (Baer and
Tenora, 1970).

From an epidemiological viewpoint, it will also be critical to establish whether patent
infections of H. microstoma can occur in humans. For example, the recent development
of the quantitative PCR technique has provided a highly sensitive and reproducible
assay for the quantitation of DNA from different organisms, including Trypanosomatid
parasites (Britto, et al., 1999), Mycobacterium tuberculosis (Desjardin, et al., 1998), and
viral species (Martell, et al., 1999; Kimura, et al., 2000; Yun, et al., 2000). In its
current form, PCR amplification detects the presence of DNA in a sample but does not
quantify the proportion. The use of Real Time (quantitative) PCR would provide the
means for the quantitation of DNA of Hymenolepis eggs in faecal samples collected
from infected individuals.

The detection of proportionately higher quantities of

H. microstoma DNA is likely to reflect the presence of large quantities of eggs, a
scenario that would be improbable unless patency of infection was occurring. The
development of a quantitative PCR for hymenolepidid species could, therefore, provide
a potentially useful method for predicting the patency of infection in humans.
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The previously undocumented presence of H. microstoma in humans highlights the
growing importance of the use of molecular techniques in both the detection and
characterisation of parasite species in human populations.

From a public health

perspective, a better understanding of the transmission dynamics of a parasite species
previously believed to be infective only to rodents is needed to answer questions about
the potential for the zoonotic transmission of this parasite to humans. The development
of effective education and control strategies will only be possible if a full understanding
of the epidemiology of infection is elucidated. The molecular epidemiological tools
developed in this study should now be applied on a much broader scale in communities
endemic for Hymenolepis infections.
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10. GENERAL DISCUSSION
10.1.

Introduction

Hymenolepis nana is a ubiquitous parasite, found throughout many developing and
developed countries (Pawlowski, 1984, and see Table 1.2, Chapter 1). Globally, the
prevalence of H. nana is alarmingly high, with estimates of up to 75 million people
infected (Crompton, 1999).

In Australia, the rates of infection have increased

substantially in the last decade, from less than 20% in the early 1990’s (Meloni, et al.,
1988; Meloni, et al., 1993) to 55 - 60.2% in these same communities (Reynoldson, et
al., 1997 and unpublished data - see Table 1.2, Chapter 1). Our knowledge of the
epidemiology of infection of H. nana is hampered by the confusion surrounding the host
specificity and taxonomy of this parasite (Chapter 1).

As discussed in Chapter 1, the suggestion of the existence of two separate species,
Hymenolepis nana von Siebold 1852 and Hymenolepis fraterna Stiles 1906, was first
proposed at the beginning of the 20th century (Stiles 1906 in Baer and Tenora, 1970).
Despite ongoing discussions in the subsequent years (Brumpt 1949, Yamaguti, 1959 in
Ferretti, et al., 1981) it remained unclear, some 90 years later, whether there were two
distinct species, that are highly host specific, or whether they were simply the same
species present in both rodent and human hosts. Furthermore, the ongoing controversy
surrounding the nomenclature of H. nana has not yet been resolved and remains a point
of difference between the taxonomic and medical literature (Chapter 1).

The public health significance of infection with helminths, such as H. nana, is well
recognised by bodies overseeing the eradication of infectious agents worldwide (WHO,
1996). Whilst infection with H. nana is unlikely to be life threatening, chronic and/or
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heavy infections almost certainly contribute to “impaired nutrition, development and
educational progress”, especially in young children (Crompton, 1999). The merits of
anthelmintic treatment in young children are well recognised (Bundy, et al., 1990;
Bundy and Guyatt, 1996), however recrudescence of infection is inevitable when there
is a poor understanding of the transmission dynamics of a parasite (Reynoldson, et al.,
1997).

A morphological identity between H. nana from rodent and human hosts was first
reported by Stiles in 1906 (see Baer and Tenora, 1970), who hypothesised that H. nana
from the different hosts were two separate species, despite their morphological
similarity. Since the human isolates of H. nana did not develop to the adult stages in the
rodent models tested in this study (Chapter 3), the comparison of adult stages of the
species infecting humans and rodents using morphological characters was not possible.
However, microscopical examination of H. nana eggs from human and rodent forms
revealed them to be morphologically indistinguishable (Figure 1.4, Chapter 1). The
only reliable way to distinguish between isolates of H. nana from rodents and humans
was, therefore, by comparing them using molecular criteria.

The advent of molecular tools, such as the polymerase chain reaction (PCR) (Saiki, et
al., 1988), has revolutionised the way in which closely related parasite species can be
characterised. For example, in situations where morphological characters are unreliable,
the use of molecular tools, especially those that have been linked to PCR, has enabled
the identification of genetically distinct parasite populations such as Giardia (Hopkins,
et al., 1997b) apicomplexans (Morgan, et al., 1997; Morgan, et al., 1999), helminths
(Stevenson, et al., 1995; Hoste, et al., 1995), trematodes (van Herwerden, et al., 1998)
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and cestodes (McManus and Simpson, 1985; Bowles, et al., 1994; van Herwerden, et
al., 2000). Two major specific aims of this study were therefore to:
1) Develop techniques for the molecular detection and characterisation of
Hymenolepis.
2) Genetically compare Hymenolepis spp. from different individuals and different host
species.

In order to achieve these specific aims, an important general aim was to develop a
method for reproducible PCR amplification of DNA from Hymenolepis eggs in faecal
samples (Chapter 5). An added advantage of applying molecular techniques directly to
eggs from faeces, rather than cultured adult worms (in vivo) or cultured cysticercoids (in
vitro or in vivo), was that it overcame the potential problem of artificially selecting for
particular genotypes using in vitro or in vivo models (Nash, et al., 1985).

As discussed in Chapter 1, perhaps the greatest challenge for the researcher lies in the
selection of the most appropriate region of DNA for molecular characterisation. The
region must be conserved enough to enable the design of oligonucleotide primers for
PCR amplification, yet variable enough to identify genetic heterogeneity between the
species under study. The suitability of different regions of ribosomal DNA (rDNA) for
the characterisation of closely related species is largely based on the varying rates of
evolution within a tandemly repeated unit. This was reviewed in detail in Chapters 1
and 8. In addition to ribosomal genes, polymorphic variation may be seen in a number
of other genes, such as housekeeping and mitochondrial genes, also reviewed in detail in
Chapters 1 and 7.
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In the current study, three regions of ribosomal DNA, the small subunit (18S) (Chapter
4), the first internal transcribed spacer (ITS1) (Chapter 6) and the intergenic spacer
(IGS) (Chapter 8) were chosen for genetic characterisation of H. nana isolates from
rodent and human hosts. The successful use of all three regions of DNA by numerous
other researchers for the identification of distinct genotypes in parasite species is well
documented (cf Bowles, et al., 1994; Novati, et al., 1996; van Herwerden, et al., 2000),
and has been summarised in detail in Chapters 1, 4, 6 and 8. It was expected therefore,
that these regions of rDNA may provide the level of variation required to identify
whether isolates of H. nana from rodents were genetically distinct from isolates of
H. nana from humans. In addition, a mitochondrial gene, the cytochrome c oxidase
subunit 1 (C01) gene (Chapter 6) and a non-ribosomal nuclear gene, paramyosin
(Chapter 7), were characterised in a number of H. nana isolates from different hosts
from a wide geographic range. This enabled the phylogenetic analysis of more than one
region of DNA and thus avoided the generation of gene trees rather than species trees
(Olsen and Woese, 1993).

In the present study, molecular tools were, therefore,

specifically developed and evaluated for their potential to identify genetic differences
between isolates of H. nana, collected from human and rodent hosts, using these
variable regions of nuclear and mitochondrial DNA.

10.2.

10.2.1.

Evaluation of the Ribosomal Genes (18S, ITS1 and IGS) as Markers of
Variability Between Rodent and Human Isolates of H. nana
18S Ribosomal Gene

In this study, a small PCR fragment of 369 bp, plus a larger fragment of 1223 bp, were
sequenced from the 18S gene of reference isolates of Hymenolepis nana and the rat
tapeworm H. diminuta. Minimal sequence variation was found in the two regions of the
18S between these two morphologically well differentiated species (Chapter 4). As
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summarised in Chapter 4, other researchers have used the evolutionarily conserved 18S
gene to distinguish between closely related species (cf Leng, et al., 1996; Morgan, et
al., 1998b; Schnare, et al., 2000), however, this was not possible with Hymenolepis.
Clearly the evolution rate of the 18S gene between these species is still very low. The
very

high

sequence

homology

between

the

two

morphologically

distinct,

phylogenetically recognised species, H. nana and H. diminuta, indicated that the 18S
gene was too conserved for the genetic characterisation of isolates of H. nana from
different hosts. Instead, a decision was made to characterise a more variable region of
rDNA, the first internal transcribed spacer. There was no sequence data available in the
databases for the ITS1 of any hymenolepidid species. In order to identify this region in
both H. nana and H. diminuta, a large PCR fragment, that encompassed the ITS1, the
5.8S and the ITS2, was amplified and sequenced in both species, using primers designed
specifically for this study that were anchored in the 18S and 28S genes (Chapter 4).
This provided critical primary sequence data, not previously available, that enabled the:
1)

Putative identification of the ITS1, by directly comparing the conserved and
non-conserved sequence of the two species.

2)

Design of a new set of oligonucleotide primers that could be anchored in
regions closely flanking the ITS1.

This was important, as it enabled the amplification of a small PCR product (646 bp in
H. nana) that would be amenable to PCR and which only encompassed the most
variable region of interest.

10.2.2.

Internal Transcribed Spacer 1 (ITS1) Ribosomal Gene

A large number of human isolates of H. nana (104) were initially characterised at the
ITS1 using PCR-RFLP analysis (Chapter 6). As discussed in Chapter 6, the profiles
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obtained from restriction enzyme digests of the ITS1 of 104 human isolates were highly
variable and often exceeded the original size of the uncut fragment. This was highly
suggestive of the existence of ribosomal spacers that, whilst identical in length, were
highly variable in sequence. To overcome the problems generated by the variable PCRRFLP profiles, further characterisation of the ITS1, by cloning and sequencing
23 isolates of H. nana, confirmed the existence of spacers which, although similar in
length (approximately 646 bp), differed in their primary sequences (Chapter 6). The
sequence differences led to the separation of the isolates into well supported Clusters
when analysed phylogenetically (Figure 6.6, Chapter 6). This sequence variation was
not, however, related to the host of origin of the isolate, thus was not a marker of
genetic distinction between H. nana from rodents and humans. Indeed, the levels of
variability were often higher within an individual isolate than between isolates,
regardless of whether they were collected from human or mice hosts.

The PCR-RFLP profiles of the ITS1 of some isolates were also complicated by the
discovery of mixed parasite infections, which was subsequently confirmed by cloning
and sequencing (Chapter 9). Because the primers that were used to amplify the ITS1 of
H. nana could also amplify the ITS1 of H. diminuta and H. microstoma, some mouse
isolates were found to contain a mixed infection of H. nana and H. diminuta that gave
rise to complex restriction digests (results not shown). This was a disadvantage of using
highly conserved primers for the generation of the PCR fragment for subsequent
analysis by restriction digestion (PCR-RFLP). However, this inadvertently led to the
detection of mixed parasite infections of H. nana and H. microstoma in humans
(Chapter 9).
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This represented the first report of H. microstoma in humans and effectively
demonstrated the benefits of using molecular tools for the detection and characterisation
of parasite species.

Importantly, it also demonstrates the usefulness of applying

techniques such as PCR-RFLP as ‘screening tools’ prior to developing ones with higher
specificity. In other words, if the PCR-RFLP developed for the ITS1 in this study had
utilised more conserved primers that would have amplified the ITS1 of only H. nana,
but not other hymenolepidids, the mixed infections would not have been identified in
humans or mice using this molecular tool alone.

The identification of H. microstoma in humans in this study (Chapter 9) was unexpected
and surprising, as there had been no previous reports in the literature documenting
humans as definitive hosts for this parasite. Whilst further studies are required to
determine if the detection of H. microstoma in humans reflects a genuine patent
infection or an atypical accidental occurrence, the results presented in Chapter 9
highlight the growing importance, and benefits, that molecular tools are playing in both
the detection and characterisation of morphologically similar parasite species.

10.2.2.1.

Sequence Differences Between rDNA Spacers of Ribosomal Genes

The levels of intra-individual variability in the ITS1 was problematic for phylogenetic
analysis, however it did raise interesting questions about the evolution of ribosomal
genes in hymenolepidid species and the reasons for such variability within these genes.
The origins of the different copies of rDNA repeat units (similar length but different
sequence) that were identified by cloning and sequencing of the ITS1 in a number of
isolates in this study is still not well understood. Concerted evolution, defined as “a
pattern of within-species homogeneity and between species heterogeneity for a family
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of repeated sequences” (Dover, et al., 1982) is expected to homogenise rDNA repeat
units within individuals and within populations (Dover, et al., 1982; Arnheim, 1983).

Some of our understanding of the concept of concerted evolution comes from the
observation of high levels of homogeneity within ribosomal genes of parthenogenetic
lizards (Hillis and Dixon, 1991). The occurrence of “more fit rDNA types” as a result
of “selective sweeps” was postulated to account for the “elimination of large numbers of
diverse rDNA repeats resulting in the temporary loss of all variation”, such as in
parthenogenetic lizards (Vogler and DeSalle, 1994). This provides an explanation for
the low levels of intra-individual and inter-individual variation in many organisms,
including parasite populations (cf Adlard, et al., 1993; Campbell, et al., 1995; Morgan,
et al., 1999; van Herwerden, et al., 1999, also see Chapter 6 for other references).

10.2.2.1.1.

Maintenance of rDNA Copies on Different Chromosomes

Concerted evolution may, however, fail to homogenise rDNA sequences within sexually
reproducing organisms for several reasons. For example the existence of variant ITS1
copies is suggested to occur when the rDNA copies are maintained on different
chromosomes, such as in Drosophila (Williams, et al., 1987). The maintenance of
rDNA units on more than one chromosome, especially when non-homologous, is
believed to reduce the “efficiency” of concerted evolution (Williams, et al., 1987;
Vogler and DeSalle, 1994). Thus, homogenisation is believed to occur more efficiently,
and more often, within homologous chromosomes than between them (Appels and
Honeycutt, 1986; Fenton, et al., 1998).

Recently, van Herwerden et al. (2000)

examined the extensive ITS variation, initially reported by Bowles et al. (1994), in
several strains of Echinococcus granulosus, as well as other Echinococcus spp., and
proposed that the variation may result from “locus-specific rDNA variants” as a result
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of the rDNA units being present on different chromosomes. However, variant ITS1
copies are also reported to occur even when the rDNA repeat unit is on the same
chromosome, such as in some nematodes (reviewed by Anderson, et al., 1998) and the
mosquito species Aedes aegypti (Wesson, et al., 1992). This occurrence is considered
the result of independent evolution of the ITS1 copies (Wesson, et al., 1992) rather than
the evolution of multiple rDNA arrays in which mutations are rapidly homogenised
throughout.

10.2.2.1.2.

Transposons

In some nematodes, the presence or absence of a transposon (mobile gene) is
hypothesised to influence concerted evolution in rDNA arrays (Anderson, et al., 1998),
but this has not been fully investigated amongst numerous nematode species, and is not
reported in the literature for cestodes. In Plasmodium, the causative agent of malaria,
the existence of “stage-specific” ribosomes has been inferred to be the cause of
substantial sequence variation seen within this parasite (Gunderson, et al., 1987). In the
current study, no clustering of sequence ‘types’ was apparent, specifically with respect
to the stage of development in H. nana (eggs vs cysticercoids vs adult worms) (Chapter
6), therefore it is unlikely that a similar theory is applicable to the variation seen within
H. nana.

10.2.2.1.3.

Hybridisation Events

In Schistosoma spp., first generation offspring (F1 hybrids) are reported to carry ITS
sequences that are derived from both ‘parent’ species (Rollinson, et al., 1990). The
extensive intra-individual variation seen in the cervid strain of Echinococcus granulosus
was originally hypothesised to occur as a result of these “hybridisation events” in the
offspring (Bowles, et al., 1994). It is not clear whether this could occur in conjunction
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with, or independently of, the proposal by van Herwerden et al. (2000) for
Echinococcus. As H. nana is hermaphroditic (comprising both male and female sexual
organs) the concept of ‘parental species’ is different to that of non-hermaphroditic
species. In H. nana, sexual reproduction can, and does occur by self-fertilisation within
a single sexually mature adult worm as readily as between two co-habitating adult
worms (Kennedy, 1983). The latter form resembles the sexual reproductive process of
non-hermaphrodites. Given the potential for sexual reproduction to occur between two
Hymenolepis adult worms, as readily as self-fertilisation within one hermaphroditic
worm, these hypothesised “hybridisation events” may, in fact, occur in the resultant
offspring of H. nana in the same manner reported for Schistosome species (Rollinson, et
al., 1990).

10.2.2.1.4.

Interbreeding

Extensive interbreeding between sibling species has also been hypothesised to lead to
the selection of “minor alleles” in trematodes (van Herwerden, et al., 1998; van
Herwerden, et al., 1999) and thus, homogenisation of ITS1 repeats may be occurring at
a slower rate than nucleotide mutations. In Hymenolepis nana, the additional feature of
an auto-infection life cycle, unique to this cestode, means that a single H. nana worm
can generate an entire colony of adult worms that need never leave the host.
Interbreeding is expected to occur between, and within, adult and sibling H. nana
worms within this host and thus, may play a role in the selection of particular alleles in
Hymenolepis. Furthermore, different ITS sequences are reported to occur within an
individual as a result of the inheritance of their chromosomes from different ancestors
(polyploidisation) (Bowles, et al., 1994; Campbell, et al., 1997; Jobst, et al., 1998). For
this to occur, it is presumed that a host needs to be infected with multiple H. nana
worms that have originated from different ancestral populations.
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mechanisms are acting concurrently with, or independently of each other has not yet
been determined by the many authors who have proposed them.

10.2.3.

Internal Transcribed Spacer 2 (ITS2)

In H. nana, sequence polymorphisms in the ITS1 may be occurring in regions other than
core regions essential for maintaining secondary structure and may not be represented
phenotypically.

However, for phylogenetic purposes, these polymorphisms create

problems in determining the phylogenetic relationships between closely related isolates
that were examined in this study (Chapter 6). The levels of intra- and inter-individual
variation in the second internal transcribed spacer (ITS2) of Australian isolates of
H. nana is unknown.

Our knowledge of the extent of intra- and inter-individual

variation within the ITS2 of H. nana is limited to one study by Okamoto et al. (1997)
who found identical ITS2 sequences between an isolate of H. nana from a laboratory
golden hamster from Uruguay and another isolate from a laboratory mouse from Japan.

Whilst it is difficult to draw conclusions from the characterisation of the ITS2 of only
two isolates of H. nana, it is possible that concerted evolution is acting to homogenise
the sequences within parasite species more effectively in the ITS2 because of its
importance in the stability of the molecule (Hillis and Dixon, 1991). It is presumed that
the maintenance of secondary structure occurs in the internal transcribed spacers
“despite primary sequence mutations because compensatory mutations occur” (Hillis
and Dixon, 1991). As pointed out by Chilton et al. (1998) “natural selection is expected
to remove variant copies that reduce the stability of the secondary structure” of the ITS
regions.
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Whilst some researchers have successfully used the ITS2 to distinguish between closely
related parasite species (cf Stevenson, et al., 1995; Gasser and Monti, 1997; Romstad, et
al., 1998; Hoglund, et al., 1999) it appears that the primary sequence of the ITS2 can be
less variable than the ITS1 in some parasite species (Morgan and Blair, 1995; Hoste, et
al., 1998). In the present study, it is apparent that mouse isolates are not distinguishable
from human isolates of H. nana at the ribosomal ITS1 locus, suggesting it is evolving
relatively slowly in H. nana. It is highly unlikely, therefore, that the ITS2 would
provide more informative phylogenetic data to distinguish H. nana from the two host
types and, for this reason, was not characterised in this study and is not proposed for
future work.

10.2.4.

Intergenic Spacer (IGS) Ribosomal Gene

The primary aim of developing the DNA fingerprinting tool, PCR-RFLP, for the
ribosomal intergenic spacer (IGS) of H. nana was to evaluate its usefulness in
determining transmission patterns of H. nana between rodent and human hosts. The
successful use of this molecular tool in tracing particular genotypes within populations
of parasite species, including Giardia, Toxoplasma, Leishmania, nematodes,
schistosomes and microsporidians was reviewed in detail in Chapter 8. In Chapter 6,
the existence of internal transcribed spacers (ITS1) that differed in their sequences were
identified in isolates of H. nana from both humans and rodents. Similarly, analysis of
the IGS of numerous H. nana isolates by PCR-RFLP also suggested the presence of
copies of the IGS that, whilst similar in length, differed in their sequence (Chapter 8).
The existence of different IGS copies was found in both rodent and human isolates of
H. nana, thus the variability was not evidence of the existence of a rodent- or humanspecific genotype.
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The substantial variation in the IGS creates problems for the use of this region of rDNA
for the study of transmission of H. nana between hosts living in the same locality and
for comparing isolates between communities in a similar geographical locale. It appears
that mutation events occurring between the multiple rDNA copies are not being
homogenised at the same rate in Hymenolepis nana. Given the lack of homogenisation
between ITS1 copies in isolates of H. nana (Chapter 6), the changes in the IGS copies
may be occurring for similar reasons (See Section 10.2.2.1, this Chapter).

If PCR-RFLP is to be used as a fingerprinting tool then there must be a high level of
sequence conservation (homogenisation) between the multiple copies of the IGS spacer
within an individual isolate of H. nana. If intra-individual variation in the spacers is
high, then the RFLP profiles become unreliable as a molecular tool for identification of
species/strains between populations of H. nana. As pointed out by Monis and Andrews
(1998) “PCR-RFLP requires the availability of a sound taxonomic or genetic framework
for the development of any diagnostic system for a particular organism”.

In this study, evaluation of the intergenic spacer (IGS) as a fingerprinting tool suggests
that this region of DNA is too variable within individuals and thus, cannot be effectively
used for the study of transmission patterns of the tapeworm Hymenolepis nana between
human and rodent hosts.

Furthermore, any levels of variation that might exist in

specific populations of H. nana from different communities that are geographically
separated from each other, cannot be determined when the variation is so high within a
single isolate. Thus, the elucidation of the transmission patterns of H. nana between
different hosts and different communities in the north-west region of Western Australia
requires the evaluation of an alternative region of DNA to the IGS tested in this study.

Characterisation of Community-Derived Hymenolepis Infections in Australia

216

Chapter 10. General Discussion

10.3.

Evaluation of a Mitochondrial Gene as a Marker of Variability between
Rodent and Human Isolates of H. nana

10.3.1.

Cytochrome c Oxidase Subunit 1 (C01)

Sequencing of the mitochondrial cytochrome c oxidase 1 gene (C01), in a number of
isolates of Hymenolepis nana from rodents and humans, identified a genetic divergence
of approximately 5% between isolates from mice in comparison with isolates of H. nana
from humans (Chapter 6). This provided evidence that the mitochondrial C01 gene was
useful for identifying genetic divergences in H. nana that were not resolvable using
nuclear loci (Chapters 6 and 7), and may provide the most valuable regions of DNA for
identifying relationships between isolates of H. nana from different hosts. As discussed
in Chapter 6, the suggestion that H. nana is a species complex, or “cryptic species,” was
made on the basis of the genetic differences observed in this study, despite a
morphological identity between isolates from rodent and human hosts. In addition,
whilst not supported by high bootstrap values, a clustering of the human isolates into
one genetic group, phylogenetically separated from all the mouse isolates (Figure 6.8,
Chapter 6), was well supported by biological data outlined in Chapter 3, and led to the
proposal that host adaption of H. nana may be occurring in humans in remote regions of
Australia.

The concept of the existence of “cryptic species” in which there are no discernible
morphological characters despite genetic differences in mitochondrial loci is well
documented. For example, sequence divergence of 5% in the mitochondrial C01 gene
in the morphologically identical spider mite species, Tetranychus urticae (Navajas,
et al., 1998) resembles the extent of the sequence divergence found in the C01 gene in
H. nana in the current study. Mitochondrial C01 sequence data established that the
37 collar-spine Echinostoma trematodes exhibit substantial genetic variation (8%)
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despite their morphological similarity (Morgan and Blair, 1998).

Mitochondrial

divergence of 3-4% were observed in morphologically identical Ascaris populations
from different hosts (Anderson, et al., 1993).

10.3.2.

Phylogeographical Structure of Rodent Isolates of H. nana

The existence of ‘cryptic species’, such as those observed in this study, may reasonably
be expected to relate to the geographical distances which separate these isolates.
However, it is clear that genetic differentiation does not necessarily relate simply to
geographical distances alone. Interestingly, despite the existence of a phylogenetic
separate Cluster of ‘human isolates’ in Australian communities (Chapter 6), the rodent
isolates of Hymenolepis nana from Australia clustered with the rodent isolates from
Italy and Japan. Indeed, mouse isolates of H. nana from Australia, Italy and Japan
showed no clearly defined phylogeographical structure at either the ribosomal ITS1 nor
the mitochondrial C01 loci (Chapter 6). With the exception of the two Portugese
isolates, M5 and M6, the rodent isolates from three different countries were observed to
essentially form one Cluster, that was phylogenetically distinct from both the Portugese
rodent Cluster and the human Cluster, at the C01 locus (Chapter 6). It appears that
these geographically separate populations of mouse isolates are united into one similar
genetic group, despite the geographical distances which separate them.

The lack of phylogeographical structure of the rodent isolates of H. nana observed in
this study correlates with several other studies of eukaryotic species, including parasites.
For example Zimmerman et al. (1994) found that populations of Onchocerca volvulus in
South America and Africa were highly similar genetically despite their substantial
geographical separation. Navajas et al. (1998) reports the clustering of isolates of the
spider mite Tetranychus urticae from Russia, United States of America and Japan into
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one similar genetic group, despite substantial geographical isolation. Studies of the
morphologically

indistinguishable

terrestrial

arthropod

species

Cordylochernes

scorpioides (pseudoscorpion) by Wilcox et al. (1997) showed populations that were
1200 km apart differed by 2.6%, yet populations that were only 400 km apart differed
by 8.2%.

Furthermore, genetic variation in the mitochondrial C01 gene of these

pseudoscorpions was accompanied by a reproductive incompatibility between the
geographically separated populations. Interestingly, Anderson et al. (1998) found that
populations of Ascaris spp., from numerous locations worldwide, shared identical
mitochondrial gene sequences whilst substantial genetic divergences in the
mitochondrial genome has been found in populations of the parasite infecting humans
and animals within the same country.

The reasons for this worldwide genotype similarity within some parasite populations are
unclear, however the migration history of humans and animals is believed to play a
pivotal role in the spread of particular genotypes of parasite species worldwide
(Anderson, et al., 1998). Navajas et al. (1998) proposed that the clustering together of
isolates from widely separated geographical locations indicates a recent “colonisation
history” of particular genotype(s) into those countries. That is, insufficient time has
elapsed in which these isolates can begin to show genetic variation that is related to their
new geographical location.

The ancestry of the H. nana isolates in Australia is

unknown and only speculative suggestions of the colonisation of H. nana into Australia
can be made.

The genetic uniformity of Australian rodent isolates with the Japanese and Italian rodent
isolates is likely to reflect a more recent colonisation of Hymenolepis into Australia. It
is entirely probable that this has only occurred within the last 100 years. In contrast, the
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genetic differentiation of rodent H. nana collected from countries such as Portugal is
likely to reflect a more ancient colonisation history of this parasite in the European
region. The potential reasons for a clustering of the human isolates into a single group
is, therefore, perhaps somewhat surprising given the genetic uniformity of rodent
isolates from Japan and Italy. The proposed reasons for this phenomenon are discussed
in more detail later.

As pointed out by Anderson et al. (1998), “conventional ecological dogma” suggests
that one species should occupy one niche, however, there is substantial evidence to
suggest that more than one species (ie. cryptic species) may co-exist in a closely defined
environment. For example, studies by Sorensen et al. (1998) identified cryptic species
of the trematode Echinostoma trivolvis cohabitating in the same pond.

In some

instances, cryptic species have even been observed to co-exist within one host (Aho, et
al., 1992; Beveridge, et al., 1995). The possible reasons for the existence of “more than
one species per niche” proposed by Anderson et al. (1998) is summarised briefly here.
Those authors suggest that this may arise as a result of: admixing of populations
(representing a “transient, unstable” situation whereby “one species is in the process of
replacing the other”); stable co-existence in the face of “patchy resources” and the
existence of “mating barriers” caused by infection of the cryptic species host with
bacterial species. For example, Wolbachia bacterial species have been implicated in the
“reproductive manipulation” of some insect and crustacean hosts (reviewed by
Anderson, et al., 1998) and it has been shown that some populations of nematodes (eg.
the heartworm Dirofilaria immitus) can become infected with these bacteria.

The first two suggestions would potentially be possible for Hymenolepis species,
especially in the remote communities in the north-west of Western Australia. However,
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the third suggestion is unlikely to be applicable to H. nana because cestodes lack an
alimentary canal and thus, are not likely to be infected with bacterial species in the same
manner nematodes could be.

Genetic divergences that are not accompanied by morphological differences are not
necessarily restricted only to mitochondrial loci. Indeed, a review of the literature
reveals there is often very little correlation between morphological and genetic
divergence in species in other genes also (Anderson, et al., 1998). For example, Chilton
et al. (1995) reported genetic differences of 25 – 28.3% in the ITS2 of morphologically
indistinguishable nematodes of marsupials, whereas Hoste et al. (1995) found only 1.6 –
7.6% in morphologically defined Trichonstrongyle nematodes. Even more surprising
was a genetic divergence of 5.1% in the highly conserved 5.8S rDNA gene in
morphologically identical plant parasitic root nematodes (Ibrahim, et al., 1997).

In contrast, morphologically variable species may be genetically identical, although this
is expected to be more rare (Anderson, et al., 1998). For example, trichostrongylid
nematodes that are morphologically well defined by the presence of “short, stout” or
“long, thin” spicules were found to be genetically identical in ribosomal and
mitochondrial genes (reviewed by Anderson, et al., 1998). The Chinese and Phillipine
‘strains’ of Schistosoma japonicum are highly similar morphologically, show minimal
variation in their mitochondrial and ribosomal genes, yet display biological differences
(Bowles, et al., 1993). Similarly, Echinococcus granulosus of sheep and macropods are
morphologically highly variable but are genetically identical (Hobbs, et al., 1990).
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10.3.3.

The Influence of Ecological and Environmental Factors

The transmission of parasite populations, including tapeworms, to their definitive hosts
may also be affected by environmental and ecological pressures that act to select a
particular host type over another. For example, in the north-west of Western Australia,
domestic mice species such as Mus domesticus or Mus musculus are rarely found in
communities that are located above latitudes of 18˚ and longitudes of 125˚ (Dr. Ric
Howe, pers. comm). Whilst wild mice species, that form their habitats away from
human dwellings, represent a potential reservoir of Hymenolepis species, they are
believed to have limited contact with humans and thus, are unlikely to represent a major
source for transmission of H. nana. The absence of some rodent species in these
communities may be playing the most important ‘ecological’ role in the host adaption of
H. nana in human populations in the north-west of Western Australia.

Put more simply, if an ecological barrier exists that effectively separates the parasite
species from its different definitive hosts, the parasite may show a preference for a
particular host, in the absence of another, and co-evolve with that host. This may
explain the genetic divergence, in a relatively short period of time, in human isolates in
Western Australia, despite the demonstration of genetic homogeneity in rodent isolates
from Japan and Italy, as discussed earlier.

10.3.4.

Host-Parasite Relationship

The possibility that the genetics of the host may be playing a major role in a parasite’s
ability to colonise a host must be considered (Wakelin, 1978). Interestingly, variation in
the susceptibility of a host, within natural populations (ie not laboratory bred
populations) has been documented previously. For example, natural populations of
Peromyscus maniculatus (deer mice) were found to be either susceptible, or resistant, to
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infection with Hymenolepis citelli from Utah and California in the United States of
America (Kennedy, 1983). This was believed to result from a combination of two
factors, the host susceptibility (genetics of the host) and the strain of the parasite.
Wassom et al. (1974) believed the ability of these hosts to resist infection with this
cestode was based on the presence, or absence, of a single autosomal dominant gene,
although this gene was not identified by the authors.

As mentioned above, the ‘strain’ of the parasite may also be a factor. According to
Kennedy (1983) “where strains of parasites exist, each strain shows a preference for a
particular species of host in which it is more fertile than in other species”. Changes in
parasite infectivity in the intermediate-host relationships has also been reported for
H. citelli. For example, Schom et al. (1981) states that “in the course of the coevolution of the H. citelli–intermediate host relationship, relatively high selection
pressures have been applied by the host to the parasite, and the host has also responded
genetically to selection pressure applied by the parasite”.

Anderson et al. (1995) also suggests that genetic factors may be responsible for the
distribution of particular genotypes throughout a community. That is, ‘natural selection’
by the host against particular genotypes effectively ‘selects’ certain genotypes over
others for future dispersal in space and time. Interestingly, they suggest that whilst a
number of different genotypes may be present in the environment, “only worms bearing
certain mitochondrial haplotypes reach maturity” in the host. Others have suggested
that evolution of morphologically similar, yet genetically distinct, species may occur by
natural selection acting on ‘physiological characters’ that enhance survival in the
environment.

For example, Sturmbauer et al. (1999) identified five mitochondrial

lineages of freshwater oligochaetes that differed in their susceptibility to cadmium
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contamination in their environment. Similarly, Baric and Sturmbauer (1999) found
large genetic differences between morphologically identical Echinodermata species
which form their habitats at different ocean depths and suggested a physiological
adaptation has occurred.

The presence of particular genotypes of a parasite species in any given community may,
therefore, be explained by a combination of epidemiological and genetic factors.
Epidemiological factors may include the “clumping” of genetically related parasite
eggs, which results in an “overdispersion of parasites among hosts,” which, in turn,
results in “the majority of the host population harbouring very few parasites”
(Anderson, et al., 1995). This may also be applicable to populations of H. nana in small
communities given the ability of this parasite to disperse via a direct lifecycle (Chapter
1). One possible explanation for the genetic differentiation of the rodent isolates from
Portugal (Chapter 6) may be similar to that described for populations of Hymenolepis
citelli in Utah and California. The H. nana isolates from Portugal, M5 and M6, were
dissected from the rodent species Mus spretus, whilst the Australian rodent isolates were
collected from either Mus musculus or Mus domesticus. It may be possible that, in the
course of the co-evolution of H. nana with Mus spretus mice, selection pressure on the
parasite by the host has occurred.

Factors such as ecological and environmental

pressures that are hypothesised to relate to the genetic isolation of the human isolates in
Australia may be equally applicable to the Portugese rodent isolates.

Thus, the genetic differences that resulted in the clustering of human isolates of H. nana
from Australia into one uniform genetic group in the current study (Chapter 6),
combined with the demonstrated biological incompatibility of these isolates in rodents
(Chapter 3) may, in fact, be multi-factorial. For example, ecological pressures such as
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the absence of one particular host type, combined with the susceptibility or resistance of
the host (genetic factors, host immunity, host diet) and the presence of particular
‘strains’ of the parasite in the community may all be factors that affect the evolution of
the parasite. In turn, selection pressure by the host and/or the parasite may contribute to
the co-evolution of particular host-parasite relationships. Some, or all, of these factors
have the potential to influence the relationships between a parasite and its host and may,
in fact, be acting in a synergistic manner.

10.3.5.

What Constitutes a Species?

Currently, the ‘yardstick’ for delineating ‘species/strains’ on the basis of genetic
differences is unresolved in the literature and remains contentious (Morgan and Blair,
1995; Haag, et al., 1997; Sorensen, et al., 1998; Blouin, et al., 1998). Importantly, the
use of genetic data in the absence of any supportive biological, or other, data is not
recommended (Thompson and Lymbery, 1990; Blouin, et al., 1998; Thompson, et al.,
1998; Sorensen, et al., 1998; Tibayrenc, 1998). If one follows the suggestions of Haag
et al. (1997) the designation of a ‘strain’ requires a “distinctive biological profile,
involving a number of genetic, ecological, developmental and epidemiological
characters”.

Whilst it is not entirely clear ‘how much’ genetic divergence is sufficient to constitute a
species, the use of molecular data alone to determine whether H. nana in humans is a
separate species would be highly presumptive and not recommended. As pointed out by
Thompson et al. (1998) “the amount of genetic variation required to designate a species
should be considered in conjunction with biological differences in traits especially as
the actual level of genetic differences between species is highly variable across taxa”.
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In this study, whilst the bootstrap support for the separation of H. nana isolates with
respect to their host of origin was not always high (Figure 6.8, Chapter 6), there is
strong evidence of biological incompatibility between isolates of H. nana in humans and
rodents, at least in Australian populations of this parasite (Chapter 3). In addition,
whilst the variability in the ribosomal ITS1 was often high within individuals, isolates
which displayed well supported genetic divergence at the ITS1 locus (eg M5 and M6),
also showed the greatest genetic divergence at the mitochondrial C01 locus, which was
well supported by bootstrap analysis. Similarly, isolates such as M5 and M6 displayed
different IGS PCR-RFLP profiles to other H. nana isolates when cut with the restriction
enzyme Hae III (Figure 8.9, Chapter 8), which provides further support for the
suggestion that there is genetic differentiation of these isolates in comparison with other
isolates of H. nana.

Thus, the genetic differences identified in both the ribosomal and mitochondrial loci
between rodent and human isolates of H. nana (Chapter 6), combined with the
biological data obtained in this study (Chapter 3), is highly supportive of the hypothesis
that the species of Hymenolepis which infects humans in the north-west of Western
Australia is genetically distinct from the species which infects animals, such as rodents,
and may not be transmissible between the two (Hypothesis 1). From an epidemiological
viewpoint, this data provides highly useful information that helps identify whether
transmission is likely to be occurring between rodent and human hosts. The lack of
development of a large number of human isolates in rodent hosts, combined with the
lack of development of 23 of the 24 human samples of H. nana to cysticercoid stage in
the intermediate insect host, Tribolium confusum, (Chapter 3) suggests that the life cycle
of H. nana that exists in the north-west of Western Australia is likely to involve mainly

Characterisation of Community-Derived Hymenolepis Infections in Australia

226

Chapter 10. General Discussion

‘human to human’ transmission. This is supported by the clustering of the Australian
human isolates into one genetic group at the mitochondrial C01 locus (Chapter 6).

The role of the intermediate hosts, such as Tribolium spp., in this life cycle is however,
still unclear. The development of one of the 24 human samples to cysticercoid stage in
beetles (Chapter 3), indicates that H. nana from humans is still capable of development
within these hosts. Unexpectedly, the subsequent inoculation of the cysticercoid stages,
from the human isolate, into mice did not result in adult worms (Chapter 3). It would
appear, therefore, that the role of the intermediate host is greatly reduced in the
transmission of this parasite in remote Australian communities. However, there is
insufficient evidence from this study to confirm their role has been completely
eliminated. In other communities worldwide, where poor hygiene practices help to
promote the transmission of parasite species such as Hymenolepis, it is not clear
whether mice act as reservoirs of strains of H. nana that are transmissible to humans.
From the results of this study it would appear that, where rodent hosts are minimal or
absent, the potential exists for the route of transmission to become mainly direct
(‘human to human’) and to no longer involve rodent hosts.

As discussed previously, a major aim of this study was to develop and evaluate
molecular techniques for the genetic characterisation of isolates of H. nana.

The

molecular data obtained in this study (Chapters 4, 6, 7, 8 and 9) provide evidence that
molecular characterisation techniques can be used to characterise Hymenolepis spp. and
to genotype Hymenolepis isolates within local endemic communities and from
geographically separated areas (Hypothesis 2).
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In this study, whilst a number of Australian mouse and human isolates of H. nana were
characterised at the ITS1 and C01 loci, only one rodent isolate each from Japan and
Italy and two rodent isolates from Portugal were characterised at the ITS1 and C01 loci.
A greater number of isolates from the European and Asian locations should now be
characterised in order to compare their genotypes with other rodent isolates from these
same countries. This would be especially useful for the Portugese rodent isolates, which
were genetically distinct to the remaining isolates.

It would also be worthwhile

selecting a population of H. nana from an Eastern European country with less history of
human and animal movement to Australia. This may provide further insight into the
colonisation history of H. nana in Australia. Furthermore, it would be highly useful to
characterise a much larger number of human isolates from the north-west of Western
Australia.

This would provide additional data to confirm the existence of a true

genetically uniform, phylogenetically separated cluster and thus, is recommended for
future work.

10.4.

Evaluation of the Nuclear Gene Paramyosin as a Marker of Genetic
Variability

To confirm the phylogeny of the C01 tree a small segment of the nuclear gene,
paramyosin, was sequenced in a number of isolates from humans and rodents (Chapter
7). However, this gene did not provide the level of heterogeneity required to distinguish
between isolates from rodent and human hosts. The sequence conservation of the
paramyosin gene characterised in this study was unexpected. Importantly, it did not
refute the possibility that H. nana is a cryptic species that is becoming host adapted - it
simply did not provide additional data to that already obtained. To provide sequence
data to confirm the phylogeny of the mitochondrial C01 tree it would, therefore, be
useful to characterise a number of isolates from both hosts at an additional genetic
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locus.

Sequencing of the same isolates characterised at the C01 locus would be

desirable, although not essential, in order to ‘match’ the data generated for that locus for
isolates from the different hosts. More importantly, a wide range of isolates from both
hosts, not just one host type, would be the more critical factor.

The detection of the rat tapeworm, Hymenolepis diminuta, in humans (Chapter 7)
supports other studies that have documented the cross transmission of this species to
humans (see Chapter 7 for references). In Chapter 9, the detection of H. microstoma in
humans was achieved using molecular tools that could successfully detect genetic
differences between two parasite species, where morphological characters were
unreliable. The detection of H. diminuta in humans (Chapter 7) further demonstrates
the benefits of applying molecular techniques for both the detection and characterisation
of parasite species that are not usually expected in humans, such as H. diminuta. Whilst
H. nana and H. diminuta eggs are distinguishable by morphological criteria, false
microscopy negatives are likely to occur if there is intermittent or reduced shedding of
eggs by the adult worm (reviewed in Chapter 9). As mentioned in Chapter 7, whilst the
zoonotic transmission of H. diminuta from rats to humans is of public health
significance, it would appear that the incidence of infection within these communities is
very low and thus, does not currently represent a major health problem.

10.5.

Difficulties of PCR From Eggs Extracted From Faecal Samples

One of the most challenging aspects of this study was to characterise as wide a range of
H. nana isolates as possible, from both rodent and human hosts. PCR amplification of
nuclear and mitochondrial genes from DNA extracted from adult worms, or
cysticercoids, was achieved with relative ease in this study (Chapters 4, 5, 6, 7, 8 and 9).
PCR amplification of DNA extracted from Hymenolepis eggs in faeces was, however,
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often hampered by a lack of sensitivity, thought to be due to the low quantities of DNA
obtained from parasite eggs, especially in samples in which only light infections were
diagnosed. This was further compounded by the presence of ‘inhibitors’ in DNA
extracted from faecal samples (Chapter 5).

This was believed to be even further

exacerbated by attempting to amplify low-copy number genes such as the mitochondrial
C01 gene (Chapter 6) and the paramyosin gene (Chapter 7). Somewhat surprisingly,
difficulties were also encountered when amplifying multi-copy genes such as ribosomal
genes (Chapters 6 and 8). The inhibitory effects of substances present in faecal samples,
summarised in Chapter 5, have created problems in the successful amplification of DNA
in a number of studies (cf Bretagne, et al., 1993; Mathis, et al., 1996; Monnier, et al.,
1996). Whilst PCR inhibition can be tested for by ‘spiking’ the PCR reactions with
known quantities of control DNA (see for example Chapters 5 or 8), the presence of
inhibitory substances could not be ruled out altogether as a possible explanation for
negative PCR results with some samples in this study.

In this study, the disadvantage of being unable to amplify selected genes from all of the
available isolates (see for example Chapters, 7 and 8), meant there was loss of
potentially useful molecular information from isolates derived from different host types.
A major recommendation for future molecular work on H. nana is to develop a DNA
extraction method that would maximise the efficiency of PCR amplification of parasite
positive faecal samples. Recently, a method was developed at Murdoch University that
has proven highly effective in concentrating the eggs/cysts for numerous parasite
species, including Ancylostoma, Ascaris, Hymenolepis, Giardia and Cryptosporidium,
(J. Meinema, pers comm). Ideally, minimal or no pre-treatment of faecal samples prior
to DNA extraction is preferred, however the method developed by Meinema and
colleagues may be particularly useful in concentrating eggs from light infections in
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which the egg load is very low. It would be worthwhile evaluating the benefits of this
‘pre-treatment’ in future molecular work.

10.6.

Alternative Genes as Genetic Markers of Variability Between Isolates of
H. nana

Evaluation of the phylogenetic outcomes generated by this study provided some
invaluable preliminary data that supports the hypothesis, proposed in this study, that
genetically distinct isolates of Hymenolepis nana exist in the north-west of Western
Australia, and may not be transmissible between rodent and human hosts. Of the
regions of DNA evaluated in the current study, the mitochondrial C01 gene provided the
most informative locus for identifying genetic divergences between isolates from
different hosts. This was, perhaps, not surprising as mitochondrial DNA should, on
average, show more variation among populations than nuclear loci “owing to its greater
rate of genetic drift” (Anderson, et al., 1998).

The genetic divergences seen in the mitochondrial C01 gene tree in this study is
encouraging preliminary evidence for the existence of genetically distinct, cryptic
populations of H. nana that may be adapting to human hosts in Australia. Drawing
more than ‘preliminary’ conclusions from the use of a single mitochondrial gene may,
however, be potentially misleading (Anderson and Jaenike, 1997).

According to

Corneli and Ward (2000) single genes may be under “selective constraints” that bias the
resultant tree. It has also been shown that, in vertebrates, different mitochondrial genes
produce different phylogenetic trees (Zardoya and Meyer, 1996) and thus, reliance on
single mitochondrial genes for phylogenetic outcomes may be problematic (Cao, et al.,
1998; Corneli and Ward, 2000). Somewhat surprisingly, even the entire mitochondrial
DNA sequence may not provide adequate data for resolving phylogenetic relationships
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amongst organisms. However, this appears to be relevant only amongst very divergent
taxa (Corneli and Ward, 2000) and thus, is unlikely to apply to studies of the
relationships within populations of H. nana. Sequencing the entire mitochondrial DNA
would be costly and impractical for large scale phylogenetic studies of Hymenolepis and
thus, the sequencing of a select combination of genes is considered a suitable alternative
(Zardoya and Meyer, 1996). The potential suitability of other mitochondrial genes for
phylogenetic studies is discussed below.

10.6.1.

Alternative Mitochondrial Genes

There have been a number of studies which have characterised the faster evolving
mitochondrial gene, nicotinamide adenine dinucleotide dehydrogenase subunit 1 (ND1),
in parasite species including trematodes (Morgan and Blair, 1998), and cestodes
(Bowles and McManus, 1993; Bowles, et al., 1995; Haag, et al., 1997; Rosenzvit, et al.,
1999; Gasser, et al., 1999b).

Recently, the nicotinamide adenine dinucleotide

dehydrogenase subunit 2 and 4 (ND2 and ND4 respectively) and ATPase 6
mitochondrial genes were characterised in eight cestode species, including H. nana
(Nakao, et al., 2000). In addition, ND4 has also been characterised in nematode species
(Blouin, et al., 1998).

In those studies, the ND1 and/or ND4 markers showed greater levels of variation than
the C01 gene. For example, genetic divergence of an average of 8% in the C01 gene
among the 37 collar-spine Echinostoma contrasted with genetic divergences of
approximately 14% in the ND1 in the same species (Morgan and Blair, 1998). These
authors concluded that the mitochondrial ND1 gene was more informative than the C01
gene for elucidating the relationships within the Echinostoma group.

Similarly,

variations of 6.8 – 14.9% in the ND1 gene of isolates of the cestode Echinococcus
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granulosus were higher than levels of variation in the C01 gene (4.6 – 9.3%) in the
same species.

The large sequence variation in the mitochondrial genes has been used, in conjunction
with other molecular and biological studies, to infer the existence of ‘strains’ within the
species E. granulosus (Bowles and McManus, 1993). Comparison of the C01 and ND1
genes in the cestode genus Taenia revealed sequence differences of 5.9 – 30.8% in the
ND1 gene in comparison with 2.5 – 18% in the C01 gene of the same species (Gasser, et
al., 1999b). Similarly, sequence variations of 2.5 – 7.0% were observed in the ND4
gene of nematode species in comparison with 1.5 – 1.9% in the cytochrome oxidase II
gene (C0II) (Blouin, et al., 1998).

According to those authors, the high rate of

substituti0on in the faster evolving genes, such as ND4, makes them “excellent genes
for determining relationships among closely related species when other markers show
insufficient variation” and also for the identification of cryptic species in nematode
species. Other regions of the mitochondrial genome, such as the D-loop, may also
provide a highly informative region for characterising the relationships between H. nana
isolates from rodent and human hosts. The D-loop is a hypervariable region that is
located between mitochondrial transfer RNA (tRNA) genes and has successfully been
used to identify cryptic species within eukaryotic species, such as the black mudfish
Neochanna diversus (Gleeson, et al., 1999).

It is clear that these faster evolving mitochondrial genes have provided highly
informative phylogenetic information for investigating the relationships within closely
related eukaryotic species and thus, may be highly useful for pursuing in future studies
on Hymenolepis. Oligonucleotide primer sequences published for the ND4 and ND2
genes by Nakao et al. (2000) for H. nana would greatly facilitate the amplification and
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characterisation of either, or both, of these genes in H. nana and could be considered
worthwhile for future characterisation of isolates from different hosts. Furthermore,
degenerate primers could be designed for amplification of the ND1 gene in H. nana
from the closely related cestode species characterised at this locus (see references cited
above), and may provide an additional locus to characterise. According to Zardoya and
Meyer (1996), the ND4, ND5, ND2, cytochrome b and C01 mitochondrial genes are
“good” genes for resolving relationships amongst vertebrates and the ND1, ND6, C0II
and C0III genes are “medium” genes. The sequence data now available in the public
domain for several of the former mitochondrial genes will be of immense value for
future work on Hymenolepis.

10.6.2.

Alternative Nuclear Genes

In addition to the alternative mitochondrial genes described above, there are a number of
potential target nuclear genes that may show higher levels of genetic heterogeneity
within populations of H. nana than the paramyosin gene characterised in the present
study. The use of multi-copy nuclear gene ‘families’, such as ribosomal genes, relies on
the processes of concerted evolution for the fixation of alternative rDNA variants within
populations of individuals. The apparent lack of homogenisation of the transcribed and
non-transcribed spacers in H. nana was problematic in this study (Chapters 6 and 8) and
has been discussed in detail in this Chapter. The problems encountered with ribosomal
genes do not, however, preclude the usefulness of other nuclear genes that do not
undergo concerted evolution and which may be highly informative for phylogenetic
studies of Hymenolepis. Potentially useful candidates are genes that code for heat shock
proteins.
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Almost all eukaryotic and prokaryotic species synthesise cellular proteins referred to as
heat shock proteins (HSP’s) (reviewed by Kendrew and Lawrence, 1994; Hendrick and
Ulrich-Hartl, 1995).

A number of different sized HSP’s have been identified in

eukaryotes, including HSP60, HSP70, HSP90, “small” HSP’s, ubiquitin and ubiquitin
ligase.

Heat shock proteins are variously located in the cytoplasm, mitochondria,

endoplasmic reticulum and nucleus of eukaryotic cells (Hendrick and Ulrich-Hartl,
1995). Of these, members of the HSP70 protein “multigene family” are generally the
most highly conserved, which is likely to reflect their role in the survival of the cell
(Lindquist and Craig, 1988). Heat shock proteins are often referred to as “chaperonins”
(Ellis, 1987).

They play important roles in a number of processes, including the

translocation of proteins across cell membranes, a catalytic role in the correct folding
and unfolding of many proteins into their native three dimensional structure and
importantly, the degradation of misfolded proteins (Laskey, et al., 1978; Rothman,
1989; Kendrew and Lawrence, 1994; Hendrick and Ulrich-Hartl, 1995). Heat shock
proteins also play an important role in the regulation of the immune response (JacquierSarlin, et al., 1994) and have even been implicated in the apoptosis of tumour cells
(Wei, et al., 1995; Creagh, et al., 2000).

Heat shock proteins are synthesised in response to a number of different environmental
stressors (Kendrew and Lawrence, 1994) of which the most well characterised is
thermal shock. A number of studies have been conducted since the pioneering work on
heat shock response in Drosophila by Ritossa (1962) and it is now clear that expression
of heat shock proteins is up-regulated in response to a number of other stressors
(Kendrew and Lawrence, 1994). These include cytotoxic chemicals (heavy metals and
ethanol), free radicals, cytokines, anoxia, glucose starvation and drugs (see Martinez,
et al., 1999 for references).

It is believed that heat shock proteins assist in the
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sequestration and degradation of aberrant, denatured or improperly folded proteins that
have accumulated in the cell in response to thermal or other stress (Kozutsumi, et al.,
1988; Terlecky, 1994). In addition to their role in overcoming the physiological assault
of thermal or other shock, HSP’s are present under normal growth conditions, and are
reported to be essential for cellular growth in bacteria (Gupta and Singh, 1992).

HSP70 genes have highly conserved domains which contain peptide binding sites, as
well as more variable regions at their carboxyl terminus (Wang, et al., 1993). Members
of the HSP70 gene family have been characterised in a number of parasite species,
including the apicomplexans Giardia duodenalis (Gupta, et al., 1994), Plasmodium
falciparum (Kumar, et al., 1990), Cryptosporidium spp. (Khramtsov, et al., 1995;
Sulaiman, et al., 2000); some helminth species (Raghaven, et al., 1999; Wu and
Egerton, 2000); trematodes Schistosoma japonicum (Scott and McManus, 1999),
S. mansoni (Campos and Hamdan, 2000) and the cestodes Echinococcus granulosus,
E. multilocularis (Muhlschlegel, et al., 1995; Martinez, et al., 1999) and Taenia
saginata (Benitez, et al., 1998).

Despite the structural and functional conservation of the heat shock proteins across
eukaryotic taxa, the cloning and sequencing of the HSP70 gene in Cryptosporidium spp.
has revealed variation between isolates of Cryptosporidium muris collected from rodent
and ruminant hosts that is phylogenetically informative (Morgan, et al., 2000b;
Sulaiman, et al., 2000). On the basis of genetic differences within the HSP70, and other
genetic loci (Lindsay, et al., 2000), the variation with C. muris recently led to the
proposal of a new species, C. andersoni. Similarly, characterisation of the HSP70 gene
in Cryptosporidium parvum has revealed substantial variation within the species that, in
combination with other genes, has enabled the identification of several distinct
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genotypes/cryptic species including bovine, mouse, monkey, human and marsupial
(Morgan, et al., 2000a; Sulaiman, et al., 2000). Thus, despite the well documented
conservation of these ubiquitous heat shock proteins, phylogenetically informative
sequence variation has been proven to exist within parasite species previously thought
to be a uniform species, such as Cryptosporidium.

As mentioned above, characterisation of HSP’s of two genera closely related to
Hymenolepis, Echinococcus and Taenia, has been carried out by Muhlschlegel et al.
(1995) and Benitez et al. (1998) respectively. Alignment of sequences from heat shock
proteins of closely related genera has previously been used to identify areas of sequence
conservation in bacterial species (Gupta, et al., 1994). This approach could be exploited
for oligonucleotide primer design for the amplification of Hymenolepis genes using the
sequences of HSP’s of other cestodes. To date, it appears that the HSP20 gene has only
been characterised in Taenia and thus, may not be as useful as the HSP70 gene of the
two Echinococcus spp. An alternative approach, however, may be to consider the use of
the HSP70 sequences of the relatively closely related species Schistosoma japonicum
characterised by Scott and McManus (1999), in combination with the Echinococcus spp.
(Muhlschlegel, et al., 1995) for the design of primers for the HSP70 gene in
Hymenolepis.

The PCR product could be cloned and sequenced using standard

protocols. It is not yet clear whether the sequence heterogeneity found within the
HSP70 gene of Cryptosporidium would be present in Hymenolepis nana from different
hosts.

However, the phylogenetic distinctions observed within the species

Cryptosporidium provides the impetus for the characterisation of heat shock proteins of
Hymenolepis nana isolates from rodent and human hosts in the future.
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10.7.

Future Directions and Conclusions

As discussed above, a number of alternative nuclear and mitochondrial genes, other than
those characterised in the present study, have been studied by different researchers and
have provided a wealth of information for phylogenetic, taxonomic and diagnostic
purposes for a large number of parasite species. Increasingly, however, in an attempt to
identify genetic differentiation within populations of a given species, there is a growing
quest for characterising the genetic differences (inherited and acquired), not only at the
individual gene level, but also at the whole genome level.

10.7.1.

Whole Genome Approaches

To date, a number of different approaches have been used to identify genetic differences
of the whole genome, including those which examine differences at the DNA level
(unexpressed) as well as at the mRNA level (expressed). These include:
1)

Northern blotting (Alwine, et al., 1977).

2)

Subtractive hybridisation, both traditional (reviewed by Sagerstrom, et al.,
1997) and newer techniques which incorporate PCR, such as representational
difference analysis (RDA) (Lisitsyn, et al., 1993).

3)

Differential display, or RNA fingerprinting (Liang and Pardee, 1992).

4)

Expressed sequence tags (EST’s) (Adams, et al., 1991).

5)

Serial analysis of gene expression (SAGE) (Velculescu, et al., 1995).

6)

RNA arbitrarily primed PCR (RAP-PCR) (Welsh, et al., 1992).

7)

Microarrays (Fodor, et al., 1991; Schena, et al., 1995).

A number of disadvantages to some of these methods have recently been reviewed by
van Hal et al. (2000). Disadvantages and limitations of some, but not all, of these
methods, such as the requirement for large quantities of starting material, the fact that
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they can be time consuming and laborious, may require complex sample preparation and
are not necessarily quantitative are outlined in more detail by van Hal et al. (2000).

In addition to whole genome approaches, there is renewed interest in identifying the
nature and function of the proteins generated by the translation of expressed genes that
may differ between populations of a species.

Importantly, this also includes the

characterisation of proteins which undergo post-translational modifications such as
glycosylation, phosphorylation and acetylation etc (Blackstock and Weir, 1999). This is
because it is becoming increasingly apparent that many ‘putative’ proteins, encoded by
the genome of several organisms, have no known functions (Blackstock and Weir,
1999). It is now considered highly informative to directly measure the levels of protein
expression at the post-translational level, not simply examining the complexity and
abundance of mRNA’s at the genetic level (Gygi, et al., 2000).

The total set of proteins encoded by the genome of any given organism is now
commonly referred to as the ‘proteome’, a term first coined by Wilkins et al. (1996),
who derived it from the terms proteins and genome, and subsequently adopted by the
wider scientific community. The combination of techniques employed for the analysis
of the proteome, are therefore, jointly referred to as “proteomics”. The analysis of the
proteome is considered to be a highly complementary approach to examining whole
genome differences at the genetic level (both DNA and RNA).

It is increasingly

apparent from the literature that there is a growing belief that analysis of biological
systems will be better met by the analysis of the whole genome, to provide a more
“global and integrated view” of organisms at the cellular level (Blackstock and Weir,
1999).

Characterisation of Community-Derived Hymenolepis Infections in Australia

239

Chapter 10. General Discussion

Of the numerous techniques available for identifying genomic differences between
H. nana isolates, two genomic (RNA) approaches that could be adopted for future
studies on Hymenolepis are outlined in more detail here.

In addition, the

complementary approach of proteomics may be highly valuable in identifying
differences in proteins in each population. As proteins are universally believed to
“determine the biological phenotype of an organism” (Barrett, et al., 2000), examination
of the “proteome” of H. nana isolates could provide key information towards the
characterisation of phenotypic differences between populations from different hosts
(Barrett, et al., 2000).

Three future techniques that would be highly complementary to each other for the
further characterisation of isolates of Hymenolepis are described in further detail here.

10.7.1.1.

Representational Difference Analysis

Representational difference analysis (RDA) is a highly effective technique capable of
identifying genetic differences within populations of an organism. The identification of
genetic differences between populations are believed to relate to changes in phenotype
(Lisitsyn, et al., 1993; Chee, et al., 1996; Blackstock and Weir, 1999).

The

development of genomic RDA, which is primarily used for the identification of
differences at the DNA level including deletions, insertions and translocations (Lisitsyn,
et al., 1993), overcame some of the limitations associated with ‘traditional’ subtractive
hybridisation methods, including the inefficiency of the purification of low abundant
and long sequences (Lisitsyn, 1995).

Genomic RDA combined the benefits of

traditional subtractive hybridisation with additional features of ‘representation’ (reduced
sequence complexity) and kinetic enrichment of target DNA sequences. Subsequent
modifications to genomic RDA by Hubank and Schatz (1994), in which subtractive
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hybridisation of cDNA populations, instead of genomic DNA, has recently enabled the
analysis of expressed genes by analysing populations of mRNA instead. Even more
recently, newer and more efficient modifications to cDNA RDA have been developed in
which a “suppression PCR effect” is used to eliminate unwanted DNA fragments from
the process of enriching for target sequences (Chenchik, et al., 1996). This primarily
overcame the need for enzymatic digestion of unwanted DNA (“selective degradation”),
utilised in the methods of Hubank and Schatz (1994).

Further advantages of suppression subtractive hybridisation (SSH) RDA include the
equalisation (“normalisation”) of sequence abundance between the two target
populations, the elimination of intermediate steps which are needed to physically
separate single-stranded from double-stranded cDNA’s and the requirement for only one
round of subtractive hybridisation (Diatchenko, et al., 1999). Other researchers have
optimised the cDNA RDA techniques for use with minute quantities of DNA (Michiels,
et al., 1998; Pastorian, et al., 2000) and for the isolation of rare transcripts (O'Neill and
Sinclair, 1997). As large amounts of sequence data is continuously being added to
interactive databases, the identification of expressed difference products in isolates of
H. nana from different hosts could more easily be achieved using this method.

10.7.1.2.

Microarrays

The recent development of microarray technology provides a very powerful molecular
tool for the rapid and precise analysis of thousands of expressed genes simultaneously
(cf reviews by Schena, et al., 1998; Graves, 1999; Celis, et al., 2000; van Hal, et al.,
2000). Microarrays consist of either olignonucleotides or cDNA’s arrayed onto a solid
surface, such as glass, and are now commercially available in the form of “DNA chips,”
in which oligonucleotides have been synthesised onto a solid surface using
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photolithography (Fodor, et al., 1991). Alternatively, mechanical gridding techniques
may be used, whereby genetic material (olignonucleotides or cDNA’s) is physically
deposited onto a solid surface using high precision pins (Schena, et al., 1995). The
latter is a less costly alternative to commercially synthesised chips and can be created
relatively easily, even in small laboratories (Cheung, et al., 1999).

Both methods utilise the principles of hybridisation, in which complementary basepairing occurs between probes of known sequences and the thousands of unknown
target sequences (microarrays). The probes are usually labelled with fluorescent dyes,
enabling the sensitive and quantitative detection of hybridisation events using
appropriate detection systems (Celis, et al., 2000). As with other DNA technologies,
rapid advancements have been made in the automation of microarray technology,
enabling high throughput analysis of hundreds of thousands of differentially expressed
genes in relatively short periods of time (Carulli, et al., 1998). It is now apparent that
the newest challenge will be to ensure that this information can be analysed
meaningfully, using bioinformatic support (Zweiger, 1999; Zhang, 1999).

It is highly improbable that a commercially developed DNA chip will become available
for cestode parasites, such as Hymenolepis nana, in the future and even if produced, the
cost is likely to remain prohibitive for small laboratories.

However, the use of

mechanical gridding techniques, as described above, for the deposition of genetic
material obtained from H. nana tissue onto a glass surface, could be achieved in a
laboratory equipped with the required machinery similar to that documented by Cheung
et al. (1999). The analysis of thousands of genes expressed in isolates of H. nana in
parallel, may identify critical differences in gene expression between populations of this
parasite that infect different hosts. Already, the development of chips that will enable a
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parallel analysis of other molecules, including proteins, lipids and carbohydrates is
occurring (Schena, et al., 1998).

This will almost certainly provide highly

complementary analysis of mRNA and provides exciting prospects for future work on
the genome of Hymenolepis species.

10.7.1.3.

Proteomics

The separation and visualisation of proteins expressed in prokaryotic and eukaryotic
organisms, using two-dimensional polyacrylamide gel electrophoresis (2-DE), was first
developed over 25 years ago by O'Farrell (1975).

This method allowed the

simultaneous separation of thousands of proteins based on both their net charge
(isoelectric point) in the first dimension and their relative size (molecular weight) in the
second dimension.

The recent development of “immobilised” pH gradient strips

(IPG’s) for use in the first dimension of 2-DE technology (Bjellqvist, et al., 1993) has
resulted in substantial improvements in ‘gel to gel’ reproducibility and thus, of the
protein expression profiles in ‘time and space’ in any given organisms (cf Blackstock
and Weir, 1999; Lopez, 2000).

Furthermore, these IPG strips are commercially

available in a narrow range of pH gradients that enables a far higher resolution of
closely migrating proteins in the two dimensions than broad-range pH gradients could
achieve (Walsh and Herbert, 1998).

The most notable advances of proteome analysis have been the ability to:
1)

More accurately identify the molecular mass, solubility, primary sequence and
post-translational modifications of these proteins using highly sensitive mass
spectrometry techniques (Blackstock and Weir, 1999; Lopez, 2000).

2)

Adapt these technologies for high-throughput analysis by automation (Carulli,
et al., 1998).
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This has greatly increased both the speed and accuracy with which vast quantities of
information can be generated and analysed. However, the ability for 2-DE to be useful
in the analysis of ‘low abundance’ proteins, whilst vastly improved since the
methodology of O'Farrell (1975), remains problematic for this technology in its current
form (Gygi, et al., 2000).

The ongoing development of modifications to existing

techniques will almost certainly overcome any current obstacles to analysing the
proteome of different organisms. In contrast to older technologies, the solubilisation of
highly hydrophobic and/or membrane-bound proteins is now routinely achieved using
improved combinations of reducing agents, surfactants and chaotropic agents (Walsh
and Herbert, 1998). One perceived drawback to the identification of specific proteins in
H. nana is that the entire genome of this parasite has not yet been sequenced. This
however, can largely be overcome by the ‘matching’ of the size and/or sequence of
H. nana proteins with closely related organisms within the databases. This may only be
problematic if the protein is unique to H. nana alone and cannot be reliably identified by
comparison with other organisms.

It is not expected that analysis of protein expression at the post-translational level will
replace techniques that examine differences at the genomic level (both DNA and RNA).
Complimentary genomic and proteomic approaches (“functional genomics”), provide
invaluable techniques that enables the identification of both genotypic and phenotypic
characteristics that differ between two populations of any organism and it is expected
that techniques utilising both approaches will be coupled together in the future
(Welford, et al., 1998).

Indeed, it is clear that “functional genomics” is “rapidly

becoming the new frontier of biology” (Lopez, 2000). The use of these techniques
would greatly assist in the detection of genotypic characteristics that manifest as
phenotypic differences between different populations of Hymenolepis.
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epidemiological perspective, this will greatly assist in the identification of characters
that may differ between populations of Hymenolepis that infect mice and those that
infect humans.

The development, application and evaluation of molecular tools for the characterisation
of Hymenolepis isolates from human and rodent hosts, from a wide geographic
distribution, has provided some preliminary answers to fundamental questions about the
extent of genetic variability within and between species of Hymenolepis. Understanding
the genotypic characteristics of Hymenolepis isolates in different hosts greatly assists us
to better understand the predictive epidemiology of this ubiquitous parasite.
-oOo-
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