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ABSTRACT

Abstract
Nematode identification by classical methods is a highly skilled undertaking, in which trained
taxonomists examine samples microscopically and identify nematodes using keys based on
morphological details. The accuracy of diagnosis depends considerably on the skill of the
taxonomist. More recently, molecular diagnostic techniques have been developed to identify
such nematodes, and the focus of this thesis is the development and application of new
approaches to nematode diagnostics.

The species studied included root lesion nematodes

(RLNs, Pratylenchus spp.), cyst nematodes (CNs Heterodera and Globodera spp.), and the pine
wood nematode (PWN, Bursaphelenchus xylophilus). Six populations of four species of RLNs
isolated from wheat and sorghum plants were maintained on carrot pieces in vitro for the work.
Similarly, seventeen populations of five species of CNs were also studied: in some cases for
biosecurity species (eg for soybean and potato cyst nematodes, and PWN) the materials had
either to be studied overseas or extracts obtained from overseas for analysis.
For nucleic acid based diagnostics, an ITS-based PCR approach was used to identify different
species of RLNs and study sequence differences within and between different species and
populations. Phylogenetic trees were constructed to compare the data generated in this thesis
with those of published sequences for the nematodes studied. The results obtained showed that
there were relatively small differences in sequence between different populations of a individual
species, but significantly greater differences between species. Comparing ITS sequences of
different RLN species, that of P. neglectus was 58% similar to that of P. thornei, and compared
to that of P. penetrans and P. zeae, the similarity was 60% and 53% respectively. Similarly,
comparing ITS sequences, P. penetrans was more closely related to P. neglectus (60%) than to
P. thornei (59%) and P. zeae (58-59%).
For CNs, for the genus Heterodera, the similarity in ITS sequence of H. schachtii and H.
glycines was 97-98%. When comparing H. schachtii and cereal cyst nematodes (CCNs), the
similarity in ITS sequences was less, at 77-78% for H. avenae. H. glycines, a biosecurity listed
pathogen, is not present in Australia and DNA from a Japanese population was obtained and
sequenced.

Based on the close sequence similarity of ITS regions (97-98%) between H.

schachtii and H. glycines, it is suggested that H. schachtii can be use as a model for detecting
future incursions of H. glycines. Of the three species of CCNs studied (H. avenae, H. latipons
and H. filipjevi), the two species, H. latipons and H. filipjevi, are also not present in Australia,
and so published sequence data for these species was used for comparisons. ITS sequences of
Australian H. avenae populations were compared to those of H. latipons and H. filipjevi: which
were 86-88% and 94-96% similar to those of H. avenae. In the absence of the two biosecurity
pathogens, H. avenae can be used as a suitable model to develop methods to detect the other
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two CCN species. For the genus Globodera, a comparison of ITS sequences of G. rostochiensis
(potato cyst nematode) populations from New Zealand and Japan differed by 2% and 3% from
the consensus world collection of G. rostochiensis ITS sequences. These differences might
reflect different routes of introduction of potato into Japan and New Zealand.
It was also noted that, in some cases, PCR analysis can lead to mis-identification. For example,
in this study, a RLN from Queensland was identified by classical taxonomy as P. zeae, but
when DNA sequencing was undertaken for this population, the resulting ITS sequence obtained
was more similar to database sequences identified as P. bolivianus than to P. zeae. Such
differences may result from initial mis-identification of the original sample, or from sequencing
error.
Protein profiling was used as an alternative approach to ITS-based PCR identification of plant
nematodes. This involves separating nematode proteins using Matrix Assisted Laser Desorption
Ionisation Time-of-Flight Mass Spectrometry (MALDI-TOF MS) to generate diagnostic protein
profiles. Protein profiling by MALDI-TOF MS was developed as a novel, rapid (<2hr) approach
to identify plant-parasitic nematodes. Methods were developed to extract and analyse protein
spectra by MALDI-TOF MS to identify nematode species of local and biosecurity concern.
Protein profiles were generated for H. glycines, G. rostochiensis, H. schachtii and H. avenae,
and for the RLNs, P. neglectus, P. zeae, P. thornei and P. penetrans. Diagnostic speciesspecific protein peaks were identified in the profiles for each species. The results obtained show
that protein profiling using MALDI-TOF MS is a valid and rapid method for identifying plant
nematodes, and the database provided here represents the most comprehensive resource for
protein-based diagnostics of plant nematodes.
Two dimensional protein gel electrophoresis (2DE) was also assessed as a tool to analyse RLN
and CN proteins in more detail. Nematode proteins were extracted and separated in a protein
extraction buffer first by isoelectric point (pH range 3-10, 16.5% polyacrylamide gel) , followed
by size separation using SDS gel electrophoresis, and gels stained with silver nitrate. The
protein spots in the second dimension were recorded using a high resolution gel scanner. Ninety
three distinct protein spots were found for Pratylenchus spp. and 89 distinct spots for
Heterodera spp. Differences in the protein profiles between populations of one species, and
between different species, were identified readily using ‘Progenesis SameSpots’ software.
Thirteen protein spots for RLNs and nine spots for CNs were further analysed and characterised.
From these, two significant proteins were identified as useful biomarkers that were present in
two different populations of P. neglectus and one significant biomarker was identified present in
P. penetrans. Similarly, specific differences in protein profiles were found within populations of
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H. schachtii species which provided biomarkers that identified the different populations. For H.
schachtii and H. avenae, two distinct protein spots were chosen as potential species specific
biomarkers since they were present in three H. schachtii populations, and three species-specific
biomarkers were chosen as specific to H. avenae.
Individual protein biomarkers were excised and sequenced after trypsin digestion to release
peptides from the gel. The m/z ratio of the peptides fragments were then analyses by MALDITOF MS, and the pattern of fragmented peptides was then compared using blastP with those
recorded on Mascot and NCBI databases to identify proteins from which the peptides were
derived. Identified proteins included RutC family protein C23G10.2, major sperm protein,
probable arginine kinase, ATP synthase subunit alpha-mitochondrial, glyceraldehyde-3phosphate dehydrogenase 2 and vacuolar H atpase protein 8, protein C14C10.2b, Y20F4.3
transcript:Y20F4.3, protein 19C07, arabinogalactan endo-1,4- β -galactosidase 2, heat shock 70
kDa protein C, annexin 4F01, β-1, 4-endoglucanase 1 precursor, aldolase, cathepsin L and
pectate lyase 1. Although it is not necessary to identify the function of diagnostic proteins, such
additional information is useful. The value of identified species-specific proteins is their
potential be use to develop antibody-based diagnostic tests, such as Lateral Flow Devices
(LFDs), in which antibodies raised against specific biomarker proteins can be developed to
provide a rapid field-based method for nematode identification.
Another nucleic acid based approach was also investigated, which also made use of ITS
sequence data – termed anti-primer quantitative PCR (aQPCR) technology, using a qPCR
equipment platform. In this approach an additional ‘anti-primer’ was added to fluorescent
QPCR reactions (specific primers labeled with FAM, Cy5 or TET), which binds to and
quenches unbound fluorescent label. This approach decreases background fluorescence and so
increases accuracy of the diagnostic test, and was developed to provide a multiplex highthroughput assay for nematode diagnostics. With different fluorescence labels to tag different
primers specific to different RLN species (P. neglectus, P. penetrans and P. thornei), the results
obtained successfully differentiated these three species in a multiplex system, in a total reaction
time of 2.5 hours. For this approach, the number of detectable species depends on the number of
different fluorescent channels the qPCR machine can detect.
A further diagnostic procedure was also developed to try to increase the number of samples that
could be analysed at one time. This procedure was termed ‘Multiplex anti-primer denaturation
PCR’ (MAD PCR). It was derived by combining aQPCR technology and ‘auto-sticky’ PCR.
This approach makes use of ‘C3 linkers’ (or ‘blocks’) in primers, which prevent further PCR
copying of the strand in which they occur, resulting in an overhang. With C 3 linkers inserted at
v
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different positions in different primers, the qPCR was developed into a multiplex highthroughput assay. Different C3 positioning on the primer results in different melt temperatures in
a melt analysis after PCR. The difference in melt temperatures enabled differentiation between
different C3 inserted primers. To extend this technology, different fluorescent labels (such as
FAM) were combined with different C3 positions for primers specific to different species. After
PCR, melt analysis was done to differentiate the species by the different temperatures at which
melting of dsDNA occurred, as followed by changes in fluorescence with changing temperature.
In the work undertaken C3 blocks were incorporated in different primers to detect three different
RLNs, ie a triplex system. The analysis of up to 12 species per qPCR could be done with the
system as developed here, but with further refinement, and incorporating additional
fluorescence labels with the ‘triplex’ system, 18 species could be detected using 6 channels.
As for other soil-borne disease agents, nematodes are usually extracted from plant tissue or soil
samples for detection. The time taken to extract them is usually several days. In the final Results
chapter extraction of DNA from nematode infected soil samples was combined with molecular
identification, and developed as a potential package for a rapid nematode diagnostics in a field
situation. To do this, a rapid isolation method was developed and termed ‘DNA isolation rapid
technique from soil’- ‘DIRT(s)’. This involved extraction of DNA from nematode-infected soil
samples using a customised blender (time taken about 2 min) and DNA capture column,
followed by elution from the column and aQPCR analysis: the whole procedure took only 4
hours. Using the DIRT(s) technique and aQPCR technology, three different RLN species (P.
neglectus, P. thornei and P. penetrans) infecting wheat plants were successfully identified after
DIRT(s) extraction from soil using aQPCR in a multiplex assay.
The results are discussed in relation to current techniques used for nematode diagnostics. It is
suggested that both protein-based and the novel PCR-based technologies (aQPCR, MAD PCR),
and the new soil extraction method (DIRT(s)), can be developed to provide useful new
approaches to detect and diagnose plant nematodes in biosecurity applications.
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1: INTRODUCTION AND LITERATURE REVIEW

Chapter 1: Introduction and Literature Review

1.1 Introduction to plant-parasitic nematodes
The sequencing of the genome of the model nematode, Caenorhabditis elegans, marked a new
era in research on nematodes (The C. elegans Sequencing Consortium 1998). At present using
both classical taxonomy and modern molecular diagnostics, approximately 15000 nematode
species have been identified and described. Out of these 15000 described species, about 2500
species are known to feed on plants (Hodda and Davies 2009).
Plant-parasitic nematodes, also known as ‘phyto-nematodes’, are microscopic worm-like
animals. The human eye can barely see motile stages of phyto-nematodes, and in general a
microscope is required to study such nematodes. Phyto-nematodes feed on plant cells and cause
various degrees of damage to host plants, which range from mild to destructive injuries. The
majority of phyto-nematodes are found in root systems, bulbs, and tubers of plants. There are,
however, some nematode species which feed on seeds, flowers, leaves and stems or trunks of
plants or trees, which are above ground (Hunt, Luc, and Manzanilla-López 2005). Because most
economically important nematode species occur below ground, diagnostic studies are more
challenging than for foliar pathogens.
Based on their mobility, nematodes are classified as migratory or sedentary (Table 1). Migratory
nematodes, also known as ‘destroyers’, can move freely in the soil and within plant tissues
(Hodda and Davies 2009). These ‘destroyers’ create multiple wounds by puncturing root cells
using their mouth stylet. Sedentary nematodes also known as ‘modifiers’, enter plant tissues and
establish permanent feeding sites such as ‘giant cells’ and ‘syncytia’ (Jones 1981). Giant cells
are normally surrounded by a gall, whereas syncytia are not.
The classification of plant-parasitic nematodes can be further sub-divided by their different
feeding habitats: ectoparasites, and endoparasites. Ectoparasites usually feed only on cells at the
surface of plant organs (e.g. roots) by piercing cells with their mouth stylet. In contrast,
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endoparasites, enter and migrate in host tissues and feed from internal cells. In terms of
nematode management, classifying nematodes by their life history and feeding habit is
important.
The ectoparasitic genera include dagger (Xiphinema spp.), pin (Paratylenchus spp.), spiral
(Helicotylenchus spp. and Scutellonema spp.), stubby root (Paratrichodorus spp. and
Trichodorus spp.), needle (Longidorus spp., Paralongidorus spp.), ring (Criconemella spp.,
Macroposthhonia spp.) and stunt (Tylenchorhynchus spp. and Merlinius spp.) nematodes. These
nematodes share a migratory ectoparasitic habit (McKenry and Roberts 1985).
In general, ectoparasites tend to gather in soil near roots where they feed at the surface and
‘browse’ on root cells. However, some nematodes, for example the ring nematode, tend to
remain at a feeding site for a prolonged period. As a result, they have also been described as
‘sedentary ectoparasites’ (Anonymous 1997). Unlike the ring nematode, the stubby root
nematode, which is a migratory ectoparasite, attaches its lips to the root surface to induce an
opening and then ingests nutrients from host plant cells. Spiral and sheath nematodes feed
differently, by inserting their head regions into the outer cell layers of roots. After feeding, they
withdraw their heads and move on to feed on other cells.
The endoparasitic group which has a migratory habit include the burrowing (Radopholus spp.),
root lesion (Pratylenchus spp.) and stem and bulb (Ditylenchus spp.) nematodes. These
nematodes can be found either in host tissues or in soil. This group of nematodes also includes
pine wood nematode (Bursaphelenchus xylophilus) and foliar nematodes (Aphelenchoides spp.).
However, in most cases, the latter nematodes live under tree bark and in leaves respectively. For
sedentary endoparasites, the eggs can be found either within host roots or in the soil. The second
stage juvenile (J2) is usually the migratory or infective stage and can be located in the soil. J2s
hatch from eggs, migrate through soil to a growing root, and then pierce the root tissue, enter
and migrate to an appropriative position to induce a feeding site from host cells. In general, the
mature adult remains at a single feeding site. The sedentary endoparasitic group includes the
cyst (Heterodera and Globodera spp.), root-knot (Meloidogyne spp.), pine cystoid
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(Meloidodera spp.) false root-knot (Naccobus spp.), citrus (Tylenchulus spp.) and seed and leaf
gall (Anguina spp.) nematodes (McKenry and Roberts 1985), while Rotylenchulus spp. is a
semi-sedentary endoparasite (Jones and Dropkin 1975). Unlike sedentary endoparasites,
vermiform nematodes such as R. reniformis usually feed by partially penetrating the root, where
they induce the formation of a syncytium derived from pericycle cells (Jones and Dropkin 1975;
Lambert and Bekal 2002).

Table 1: Summary of plant-parasitic nematode feeding strategies (Lambert and Bekal 2002).

Feeding Strategy

Example Genera

Order

Belonolaimus

Tylenchida

Xiphienema

Dorylaimida

Trichodorus

Dorylaimida

Semi-Endoparasites

Rotylenchulus

Tylenchida

Migratory Endoparasites

Pratylenchus

Tylenchida

Radopholus

Tylenchida

Meloidogyne

Tylenchida

Heterodera

Tylenchida

Naccobus

Tylenchida

Tylenchulus

Tylenchida

Bursaphelenchus

Aphelenchida

Ditylenchus

Tylenchida

Anguina

Tylenchida

Aphelenchoides

Tylenchida

Ectoparasite

Sedentary Endoparasites

Stem and Bulb Nematodes
Seed Gall Nematodes
Foliar Nematodes

1.2 Morphological structure of plant-parasitic nematodes
1.2.1 General morphology of plant-parasitic nematodes
The typical length of motile stages of phyto-parasitic nematodes ranges from 300-1000 µm,
with a width of 15-35 µm. Migratory nematodes usually have a vermiform body shape.
However, for sedentary endoparasites, mature females are globular, lemon-shaped, pear-shaped
or kidney-shaped. The general morphology of mobile plant-parasitic nematodes is shown in
Figure 1.
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Figure 1: Anatomy of male and female motile plant-parasitic nematodes (Lambert and Bekal 2002).

1.2.2 Physical Structure
Phyto-parasitic nematodes all have a hollow mouth stylet, also known as a ‘spear’, with basal
knobs. This spear is used to penetrate plant cell walls and enables ingestion of nutrients from
host cells. Their body is almost transparent and the outer surface is coated with a non-cellular
layer known as the cuticle. This complex layer is secreted by the hypodermis and covers almost
the whole body of the nematode (Baldwin and Perry 2004). The cuticle consists of lipo-protein
(outer layers) and protein (mainly composed of collagen). It acts as a protective layer against
abrasions while moving through the soil, and the outer lipoprotein layer is highly impermeable
to many chemicals, especially hydrophilic compounds and large molecules. This layer also acts
as a semi-permeable membrane for osmoregulation, and is shed when the nematode moults
from one stage to the next in its life cycle. Nematodes typically go through five stages starting
from eggs, J1, J2, J3, J4 and adults, and moult between each of the stages. Thus, after hatching
4
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from the egg, a nematode passes through four moults. The musculature is described in the
following section.

Movement of nematodes
The movement of phyto-nematodes involves three systems: four blocks of longitudinal muscles,
the flexible outer cuticle, and the hydrostatic skeleton. The longitudinal muscles consist of four
blocks: two lateral, a dorsal and a ventral muscle block (Wallace 1968). To move any
significant distance in the soil, nematodes need the support of the thin water film between soil
pores. In such films, nematodes move up to several centimetres in soil, but spread in this
manner is small when compared to dispersal as a result of human activities, plant propagation
and environmental factors such as wind, rain splash and flooding (Elbadri et al., 2002,
Sathyapala, 2004, Zhang et al., 2008).

The digestive system
The digestive system is divided into three regions (i) stomadeum having mixed ectomesodermal origins, which is also referred to as the pharyngeal, cervical region or neck; (ii)
mesenteron or midgut having endodermal origin; and (iii) the proctodeum or rectum having
ectodermal origin (Decraemer and Hunt 2006).
Within the almost transparent body, the digestive system consists first of the pharynx or
oesophagus, which is the most complex organ. The oesophagus is highly variable in terms of
form and function, but function is always related to the feeding habit of the nematode. Plantparasitic nematode species feed on ‘liquid’ food and most have a median bulb or metacorpus.
This bulb has strong musculature and has a cuticularised triradiate valvate apparatus: it provides
a strong pumping action which enables it both to take in food and to inject saliva into plant cells.
There are two subventral and one dorsal oesophageal gland cells which release their contents
into the alimentary tract at and after the median bulb respectively (Davis et al. 2000; Doyle and
Lambert 2002). The intestine has a tubular form and consists of a single layer of epithelial cells.
The anterior portion of the intestine is involved in digestion and absorption, the posterior part
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absorbs water (Hodda and Davies 2009). The cells in the gut wall store lipids and glycogen,
which are used in metabolic functions.

The reproductive system
The reproductive strategy of a nematode may be either sexual or parthenogenetic (Brooks and
Perry 1962). Phyto-nematode reproduction is through eggs, and males may not be required.
However, nematodes do have separate sexes (Figure 1), where females often have single or
double ovaries, an oviduct, spermatheca, uterus and vagina, which are linked by the vulva
opening to the outside. The male reproductive system comprises testis, seminal vesicle and vas
deferens.
In the female reproductive system, fertilisation takes place near the junction of oviduct and
uterus. Oocytes are produced from the ovary by dividing from a single cell. After this the
oocytes gradually enlarge and move down the oviduct, becoming egg-shaped. Within the uterus,
the eggshell is secreted around the fertilised oocyte. When laying eggs, a muscular ovijector,
formed from part of the uterus or uteri opposite the vagina is used to deposit the eggs
(Decraemer and Hunt 2006; Hodda and Davies 2009).
For the male reproductive system, there are secondary sexual structures such as spicules,
gubernaculum, bursa or alae, and genital papillae. The spicules usually have a hook-like shape,
but may be straight. Their function is to link and form a channel for the transfer of sperm into
the female vagina during mating. The function of the gubernaculum is to act as a guide when the
spicule is protruded. In some species, bursa or alae (lateral cuticular flaps on the tail) may be
present, and vary in complexity. Genital papillae, located in the tail, are also referred to sensory
papillae, and may be present in some species (Decraemer and Hunt 2006; Hodda and Davies
2009).

1.2.3 Taxonomy based on morphology
The classical approach to identification of plant-parasitic nematodes in nematode taxonomy is
based on morphology to identify known or to describe unknown species. Features such as the
number of gonads, the size of the mouth stylet, absence or presence of the stylet knobs, the
6

1: INTRODUCTION AND LITERATURE REVIEW

position of the vulva, shape of the tail and the presence/absence of bursa are features often
detailed by nematode taxonomists. Classical taxonomic methods require specific expertise, can
be time consuming and requires referral back to voucher specimens, taxonomy books and keys.
More recently, molecular techniques have been developed to identify nematodes (Elbadri et al.
2002; Perera et al. 2009; Randig et al. 2002; Zijlstra et al. 1992). Such molecular techniques
usually reduce the time needed to identify nematodes (Meudt and Clarke 2007). DNA Markers
such as mitochondrial DNA (mtDNA) and ribosomal DNA (rDNA) are now often used for
nematode identification (Fargette et al. 2005; Feliner and Rosselló 2007; de Gruijter et al. 2006;
Powers 2004; Subbotin and Moens 2006; Waeyenberge, Viaene, and Moens 2009; Zhang et al.
2008). However, in some cases internal transcribed spacers (ITS) of nematode ribosomal DNA,
for example of the burrowing nematode, may have very similar sequences, such as for R. similis
and R. citrophilus (Kaplan 1994; Kaplan et al. 2000). In such cases, alternative sequences are
required for taxonomic identification.
Phyto-nematodes are classified under the phylum Nematoda and the orders Tylenchida and
Dorylaimida (Figure 2), which include most of the significant genera. The genera that cause
significant

economical

Tylenchorhynchus,
Helicotylenchus,

losses

to

Pratylenchus,
Rotylenchulus,

crops

are:

Anguina,

Ditylenchus, Belonolaminus,

Radopholus,

Nacobbus,

Hoplolaimus,

Rotylenchus,

Scutellonema,

Globodera,

Heterodera,

Meloidogyne,

Meloidodera, Criconemella, Hemicycliophora, Paratylenchus, Tylenchulus, Aphelenchoides,
Bursaphelenchus, Longidorus, Xiphinema, Paratrichodorus and Trichodorus (Agrios 2005).
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Figure 2: Phylogenetic tree based on sequence data from the ribosomal DNA small subunit (SSU)
gene of Nematoda. The orders that contain the most significant plant-parasitic genera are indicated
by red arrows (Blaxter et al. 1998).

1.2.4 General development of plant-parasitic nematodes
As previously mentioned, phyto-nematodes have five different stages in their life cycles: the
egg, four juvenile and one adult stage (Figure 3). Conventionally, a juvenile stage is noted by
the capital letter J and the number of the stage. Therefore, the second stage juvenile is known as
J2. The J2 is usually the first juvenile stage to invade host roots, and for sedentary endoparasites,
it is the only invasive stage. At each moult, the nematode increases in size. After the fourth
juvenile stage, the adult stage is reached.
Eggs are laid in the soil for ectoparasites, the soil or roots for migratory endoparasites, or
secreted in egg masses or retained in cysts for sedentary endoparasites. The eggs develop and
give rise to the first stage juvenile (J1). The J1 moults in the egg to form the second stage (J2),
8
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and the J2 stage emerges from the egg usually into the soil. Nematodes move between the soil
particles and move along rhizosphere gradients to find a host root, where they can insert their
mouth stylet into the epidermal cells at the root surface. For migratory parasites (Figure 3), the
nematode withdraws its stylet and moves on to other locations after feeding, whereas,
endoparasites enter the root to feed. The second moult results in the third stage juvenile (J3)
follow by third moult before turning into the fourth stage juvenile (J4). After the fourth and final
moult, the nematode reaches the adult stage (Ayoub 1980).

Figure 3: Life cycle of a migratory phyto-nematode starting from egg development through its
different life stages (Davis and MacGuidwin 2000).
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In contrast to migratory phyto-nematodes, sedentary endoparasites have different life cycles
(Figure 4A and B). As suggested by the name, after invasion of root tissues, sedentary
endoparasites lose their ability to move after initiating a permanent feeding site. The female is
typically located at the feeding site for the rest of her life.
For sedentary endoparasites, when infective J2s reach a host root, they usually penetrate it via
the root cells behind the root tip. Cyst nematodes migrate intracellularly, whereas, root-knot
nematodes migrate intercellularly (Davis and Mitchum 2005). Both migrate through the cortical
tissues until they locate a suitable feeding site. When J2s of root-knot nematode invade
Arabidopsis roots, there is evidence to show that they migrate extracellularly first towards the
meristematic region, then turn and move into the vascular cylinder, although this process seems
unlikely when there is secondary infection in heavily galled roots. In contrast, cyst nematodes
have more robust stylets and migrate intracellularly directly to their feeding sites.

Root-knot nematodes (RKNs)
Once a J2 RKN has located its initial feeding cells and become stationary, it starts to feed and
injects salivary gland contents into the feeding cells (Figure 4a). The developmental state of
these cells are re-programmed to form “giant cells”, and they are located by the head of the
nematode. Normally five to seven giant cells develop by repeated mitosis without cytokinesis
(Jones and Payne 1978). At this point, the nematode moults to a J3 and increases in size (Agrios
2005). From about 24 hr after infection, around the nematode, the cells divide and expand to
form a gall or ‘root-knot’. After moulting, the adult female continues to feed, grow and then
produce eggs, which are laid into an external gelatinous egg mass (Abad and Williamson 2010).
Many RKN species are parthenogenetic, and males are not required for egg production.
However, some species such as M. hapla are functionally parthenogenetic, and females will
mate with males if present (Ingham and Merrifield 1996).
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Figure 4A: Life cycle of a sedentary RKN, M. incognita from egg to different life stages and
development. (A & B) J2 migrate to and enter a host root in the elongation zone; (C & D) J2
migrates to the pro-vascular ‘target cells’ and re-programmes the cells by stimulating mitosis
without cytokinesis and cell expansion to form giant cells, from which it feeds and becomes
surrounded by a gall; (E) After 3 moults within the root, the adult female becomes spherical and
lays eggs in a gelatinous egg mass; (F & G) Nematode eggs hatch and infective juvenile and find a
new host (Abad and Williamson 2010).

Cyst nematodes (CNs)
Once a J2 CN has located and initiated a feeding site and after the third moult (Figure 4B), the
nematode can differentiate to become either male or female (Agrios 2005). The adult male
retains a vermiform shape, which develops within the fourth stage cuticle. The adult male
resembles a large J2 and at the final moult, it emerges and leaves the root to seek a female.
However, the female nematode continues to grow and swell to become ‘pear shaped’ with the
posterior end just beneath or emerging from the root surface. The male gains access to the
female and fertilisation occurs (Ingham and Merrifield 1996). Once fertilisation has occurred,
11
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female CNs retain most of the eggs produced within their body which then becomes tanned and
forms a protective structure around the eggs (Luc, Maggenti, and Fortuner 1988; Turner and
Rowe 2006).

Figure 4B: Life cycle of cyst nematode starting from an egg with development through different life
stages. (A) J2 within brown cyst; (B) J2s emerge from cysts into soil; (C) J2 enters roots; (D) J2
migrates intracellularly and then induces syncytia; (E) Male and female nematodes feeding on
syncytia; (F) Syncytia of male begins to degenerate; (G) Male leaves the root and mates with the
female, which begins to mature; (H) Female cyst attached to root and filled with eggs.

1.3 Economic importance
Phyto-nematodes are recognised as one of the four major groups of plant pathogens and cause
substantial damage to crops. The annual losses to agricultural production worldwide have been
estimated at USD$157 billion (Abad et al. 2008). Viewed another way, as an average overall
loss of 5% of food production, this would feed 350 million people. In Australia, the annual
losses caused by phyto-nematodes has been estimated to be at least AUD$600 million (Hodda
and Cook 2009; Murray and Brennan 2009). With increasing globalization of trade, market
access is very important for countries such as Australia. As a result, biosecurity and border
screening for economically important pests and diseases is crucial to avoid crop losses, and
12
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presence or absence of specific pathogens, including phyto-nematodes can affect international
trade. The latter can be influenced both by preventing importation of produce from countries
with a specific nematode problem, or preventing export from Australia for the same reason.
Pathogen-based trade barriers must be based on a scientific assessment of the risk or possible
damage caused if a new pathogen were to be introduced.
For Australia, exotic species of phyto-nematodes that are recognised to be of biosecurity
concern include species such as Meloidogyne chitwoodii (races 1 and 2), M. artiellia,
Globodera rostochiensis and G. pallida, H. goettingiana, H. carotae, H. glycines, H. ciceri,
Naccobbus aberrans, Ditylenchus dipsaci, Bursaphelenchus xylophilus, B. cocophilus and R.
citrophilus (Hodda and Nobbs 2008).
In relation to Western Australia, nematodes have been found that infect wheat, barley, oats,
grapevines, tomatoes, beets and many other horticultural crops. These nematodes include
Pratylenchus spp., Meloidogyne spp., H. avenae, H. schachtii, Trichodrus spp., Paratylenchus
spp., Paratrichodorus spp., Tylenchus spp., Criconemoides, Helicotylenchus, Tylenchorhynchus,
Criconemella and Xiphinema spp. (Vanstone 2009).
Of the potential biosecurity pests most capable of causing economic problems, the potato cyst
nematodes (G. rostochiensis, G. pallida), and pine wood nematode (B. xylophilus), are probably
the most serious. Their presence is a quarantine issue and as a trade barrier prevented export of
seed potatoes from WA and import of some pine products from Japan and China. Australia has
a range of climatic zones (e.g. the south west of Western Australia is temperate, the Perth region
is Mediterranean and further north semi-desert, sub-tropical and tropical climatic zones occur,
whilst Brisbane and the Northern Territory are sub-tropical and tropical respectively). This
variety of climates means that conditions that favour the survival of biosecurity phytonematodes are likely to occur somewhere if they were introduced into Australia.

Case Study 1: Bursaphelenchus xylophilus (Pine wood diseases) - Aphelenchoididae
The pine wilt disease pathogen of the genus Bursaphelenchus is classified under the Family
Aphelenchoididae. Bursaphelenchus xylophilus (Steiner and Buhrer 1934), also known as pine
13
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wood nematode (PWN) infects Pinus spp. (pine trees), but has not yet been reported in Australia,
and is, therefore, classified as an ‘emerging pest’ (Hodda and Nobbs 2008).
The history of B. xylophilus dates from 1905 in Japan when Yano (1913) suggested that this
species might be native to North America (Canada, Mexico and USA) (Dwinell 1997; Kanzaki
and Futai 2002; Suzy 2009; Yano 1913). This finding was supported by a molecular study in
which relatedness was shown using a phylogenetic tree, generated from sequencing of the
mitochondrial cytochrome oxidase subunit I (COI) gene (Kanzaki and Futai 2002).
The spread of PWN to other countries is believed to have occurred via infected logs, wood chips
and boards for packing (Dwinell 1997; Evans et al. 1996). The first report in Canada of presence
of B. xylophilus was in 1983. However, morphological comparison with samples from the
United States indicated that infections were morphologically indistinguishable (Knowles and
Beaubien 1983). In Japan, the nematodes were believed to have arrived in imported timber in
1913, and PWN is now classified as the number one forest pest in Japan. In Nagasaki, there was
a report of an unusual decline of pine trees. However, insects were often found on infected trees
and so it was assumed that the causative agent was an insect (Yano 1913). In was not until 1971
that a later study identified the presence of B. xylophilus as the causative agent of pine wilt
disease (Kiyohara and Tokushige 1971).
The first record of PWN in China was in 1982, in which 265 dead trees were found in Nanjing
(Cheng, Lin, and Li 1983). The situation worsened and the problem spread to other provinces
such as Anhui, Guangdong, Hubei, Jiangsu and Zhejiang provinces (Yang et al. 2003). Since
then, PWN infections have been reported from other eastern countries such as Korea, where it
was thought that PWN was introduced from Japan (Braasch and Mota 2008; Choi and Moon
1989), Hong Kong and Taiwan (Tzean and Jan 1985). Portugal was the first European country
to suffer badly from PWN incursion which occurred in the last decade (Mota et al. 1999), and
PWN has now spread from Portugal to France (Mota et al. 1999).
In Australia, there are a million hectares of pine plantations supporting the building and
construction industries. In 2006, the Australian pine tree industry was worth AUD$18 billion
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(Parsons, Gavran, and Davidson 2006). This figure excludes the native economically important
conifer species such as hoop pine (Araucaria cunninghamii) and cypress pine (Callistris glauca)
(Lawson and Sathyapala 2008).
Because of the presence of PWN, the European Union (EU) has imposed a ban on importing
several raw softwoods from North America, and this has cost millions of dollars of losses to the
North American softwood industries (Braasch and Mota 2008; Nickle 1985). In Japan, the
annual losses of pine trees increased rapidly, and by 1979 plantation losses reached 2.4 million
cubic meters (m3) per annum (Mamiya 1988).
The biology of pine wilt disease involves several different organisms. The initial introduction
was caused by the Monochamus longhorn beetles, also known as sawyers, which penetrate the
tree bark during the larval stage (Kishi 1995; Linit 1988; Linit 1990). This introduction to the
inner part of the tree aids entry of a ‘blue-stain fungi’ and J4 PWNs. The work of Kishi (1995)
and Mamiya and Enda (1972) showed that the Monochamus beetle was the main vector for
PWN (Kishi 1995; Mamiya and Enda 1972). Inside the tree, B. xylophilus multiplies by feeding
on the blue-stained fungi and cells lining the resin canals of the tree (Polomski et al. 2006; Shin
et al. 2009).
The disease cycle of B. xylophilus starts from the J3 (Figure 5), which attaches itself to a beetle
(Monochamus spp.) emerging from its pupa, beneath the bark of an infected tree. When the
adult beetle emerges, it can carry thousands of these nematodes under its chitinous forewings
(elytra) and in the trachea and respiratory air passages.
Typically, an infected pine tree takes only 30-40 days to die after the first disease symptoms are
manifested. When a tree is infected, oleoresin stops flowing from artificial wounds, the tree’s
transpiration slows and the sapwood becomes dry over about two weeks. Infection causes the
needles to turn yellow and die (Giblin-Davis 2001; Whitehead 1998).
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Figure 5: Disease cycle of Bursaphelenchus xylophilus (Giblin-Davis 2001).

Quarantine pests such as B. xylophilus are a major threat to pine plantations in Australia.
Although the hosts, which include various Pinus spp., are not native to Australia, pine
plantations were established widely in Australia from the 1950s.
Based on the description of B. xylophilus by Nickle et al. (1981), the male PWN has some
specific morphological characteristics. Males have large paired spicules, which are distinctively
curved with a sharply pointed distinct rostrum. The distal ends of the spicules have typical disclike expansions. The tail of the species is curved and the tip is pointed, talon-like on the lateral
side, and surrounded by an oval caudal alae (bursa) (Figure 6). There are seven caudal papillae,
one adanal pair just pre-anal, one papilla just pre-anal centred; and two post-anal pairs just
before the origin of the caudal alae (Nickle et al. 1981).
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Figure 6: Left: SEM photomicrographs of the tail of a male B. xylophilus showing expanding
spicule tip, bursa, and papillae (3000 X magnification), and right: spicule with disc-like expanded
tip (7500 X) (Nickle et al. 1981).

Female PWNs have a high lip region with six offset lips (Figure 7). The stylet has small basal
swellings. The oesophageal glands are three-quarters of the body-width long, and overlap the
intestine dorsally. The excretory pore is usually located opposite the junction of the oesophagus
and intestine, but may also occur at the level of the nerve ring. The hemizonid is a region of the
ventral cuticle lying just posterior to the nerve ring that has a clear, lens-like appearance when
viewed by light microscopy. It extends around the ventral side of the nematode between the
hypodermis and cuticle, stopping at the lateral field, and is conspicuous because it is almost
two-thirds of the body-width and is located behind the median bulb. The post-uterine sac is long
and stretched three-quarters of the distance from vulva to anus (Figure 7). The female has a
subcylindrical tail, usually with a broadly rounded tip (Nickle et al. 1981).
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Figure 7: Left: SEM photomicrograph of female B. xylophilus lip region showing amphids with six
lips (13000 X) and right: drawing of female tail showing large vulval flap and long post uterine sac
(Nickle et al. 1981).

When compared with other species such as B. mucronatus and B. fraudulentus, the male B.
xylophilus has a distinct spicule shape, whilst the female has a distinct vulval flap and lacks the
digitate tail tip found in B. mucronatus. Even though B. fraudulentus resembles B. xylophilus,
the female B. fraudulentus has a digitate tail tip similar to B. mucronatus (Nickle et al. 1981).

Case Study 2: Globodera rostochiensis and Globodera pallida (Potato Cyst
Nematodes/PCN) - Heteroderidae
Globodera spp. are round cyst nematodes, in the Family Heteroderidae. Within the Globodera
genus, the two most significant pests are the potato cyst nematodes (PCN), Globodera
rostochiensis (Wollenweber, 1923) (Skarbilovich 1959) and G. pallida (Stone 1973), and these
infect potato (Solanum tuberosum), tomato and a few related members of the Solanaceae
(Hodda and Cook 2009).
G. rostochiensis was first known as H. schachtii rostochiensis, and was first proposed by
Wollenweber in 1923 as a sub-species from H. schachtii (beet cyst nematode/BCN). This was
because of the morphological difference between PCN and BCN, the latter being lemon shaped
rather than round (Wollenweber 1923). It was later proposed that Globodera was not a subgenus
of Heteroderidae but Heterodera (Skarbilovich 1959).
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Further studies of PCN, particularly based on cyst colour, indicated that these were in fact two
different species, G. pallida and G. rostochiensis. The cysts with white or cream body colour
are G. pallida, whereas G. rostochiensis cysts are golden. In addition, the number of ridges,
between the vulva and anus also differ. In G. rostochiensis, there are almost twice as many
ridges as for G. pallida (Stone 1972, 1973).
Comparing the J2 juveniles of both species, the stylet knobs of G. rostochiensis are rounded,
and the dorsal knob slopes posteriorly, whilst for G. pallida, it is elongated along the
longitudinal axis and the knobs point anteriorly, and the female G. rostochiensis usually has a
longer stylet compared to that of G. pallida (Stone 1972, 1973). Studies have also shown that G.
tabacum from Mexico is morphologically very similar to G. pallida. However, unlike G. pallida,
G. tabacum, which infects tobacco plants, does not infect potato (Baldwin and Mundo-Ocampo
1991).
Ranking in the top five most important food crops in the world (Horton 1987), potato is
indigenous to the high Andes of South America and the coastal area of Chile (Anonymous 2005;
Collins 2009; Evans and Brodie 1980). PCNs co-evolved in the same regions.
Potatoes were introduced from South America to Spain and England in the 1600s, and
subsequently distributed to other parts of Europe. Potatoes were then taken to other countries
mainly by the European colonial trade (Brodie, Evans, and Franco 1993). The history of PCN in
Europe can be traced back to the 1913 when PCN cysts were found on a Peruvian ship. This led
to studies in the Andean region of Peru and near-by countries, where it was found that PCN also
infected some related native plants (Baldwin and Mundo-Ocampo 1991).
PCN cysts can remain viable for up to 30 years in soil in the absence of a specific host (potato,
tomato, egg plant, and a few other Solanaceous species). The J2 nematodes hatch from eggs, in
response to specific hatching factors from host plant roots. They migrate to host roots and enter
the region behind the root tip or at lateral roots. Once inside the root, the nematodes migrate
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intracellularly, initiate a feeding site feed and in the pericycle, endodermis or cortex of the plant,
and after which they become sedentary (Figure 8) (Jones and Northcote 1972).
After establishing the permanent feeding site known as a ‘syncytium’, which forms by cell wall
breakdown (Jones and Northcote 1972), the female nematode becomes swollen and breaks
through the root surface, exposing its spherical body (Brodie, Evans, and Franco 1993). The
female nematodes then release a sex attractant pheromone to attract the males and fertilisation
takes place. When the female dies, the eggs in the female body are protected by the cuticle
which becomes tanned to form the cyst (Whitehead 1998). PCN is sexually dimorphic, and in
general the vermiform male nematodes survive about ten days (Evans 1970).
With more severe infections of PCN, infected potato plants are stunted, they have small leaves,
are prone to wilting and the yields decrease because of root damage. Infection by PCN reduces,
water and nutrient uptake by the root system from the soil (Evans, Parkinson, and Trudgill 1975;
Evans, Trundgill, and Brown 1977; Fatemy and Evans 1986).

Figure 8: Life cycle of Globodera spp. from egg to J2 followed by invasion of host root and cyst
formation (Chitwood and Buhrer 1945; Stone 1973; Winslow and Willis 1972).
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PCN is a major concern to the potato industry in Australia. Using economic modeling, it has
been estimated that if PCNs were more widespread in Australia, the loss could be up to
AUD$370 million (Hodda and Cook 2009).

G. rostochiensis is now present in at least 40 countries, including Australia, Austria, Algeria,
Belgium, Bolivia, Canada, Costa Rica, Chile, Czechoslovakia, Denmark, Estonia, Finland,
Germany, Greece, Holland, India, Iceland, Israel, Italy, Japan, Mexico, Morocco, New Zealand,
Pakistan, Panama, Peru, Philippines, Poland, Portugal, Sri Lanka, Spain, ex-Soviet Union,
South Africa, Sweden, United Kingdom, USA, Vancouver Island, Venezuela and Yugoslavia
(EPPO/OEPP 2004; Matos and Canto-Saenz 1990).
The other species of PCN, G. pallida is present in Algeria, Argentina, Austria, Belgium, Bolivia,
Canada, Chile, Colombia, Croatia, Cyprus, Ecuador, Falkland Islands, Faroe Islands, France,
Germany, Greece, Hungary, Iceland, India, Ireland, Italy, Luxembourg, Malta, Netherlands,
Norway, Panama, Pakistan, Peru, Poland, Portugal, Romania, Spain, Sweden, Switzerland,
Tunisia, Turkey, the United Kingdom, USA and Venezuela. However, in 2006, Denmark
declared that G. pallida was eradicated from the country (EPPO/OEPP 2004).
In Australia, G. rostochiensis was identified in Western Australia in 1986 and in Victoria in
1991 (Guy, Woodward, and Hinch 1992; Stanton 1986). The WA infection was highly
contained, but the distribution in Victoria was much more widespread and PCN had clearly been
present in Victoria for many years. As a result of the limited distribution of PCN in WA, and the
control methods undertaken, it has now been eradicated. The strict quarantine and surveillance
measures ensured that it did not spread following the initial incursion. After 24 years of
surveillance, the eradication of PCN was scientifically validated by in depth surveys, and WA
was re-instated as an Area of Freedom from PCN (G. pallida is not known to be present in
Australia) (Collins et al. 2010; Hodda and Lawrence 2009).
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1.4 Diagnostic methods
Because of the complexity of phyto-nematodes, morphological taxonomy has been the mainstay
of identification. More recently, molecular diagnostic approaches have been developed, and
combined with good classical taxonomic identification, molecular techniques promise to
improve accuracy and speed of identification of nematodes.

1.4.1 Visual analysis and indicator hosts
Visual analysis usually involves morphological measurements of nematodes. Phyto-nematodes
usually infect roots, but some species infect above ground parts. A classical symptom of RKN
infection is the presence of galls on roots, and the reddish lesions in banana roots are caused by
burrowing nematodes. However, based on morphology, there can be population diversity
between individuals of a single species of nematode. Such differences can include the shape of
the tail, the size of stylet and the position of vulva. Authenticated voucher specimens maybe
required for reference.
For host differential tests, a series of different plants are typically challenged with unknown
nematodes - the symptoms of infected plants should be similar to those from which the
nematodes were found initially (Douda 2005). With the information obtained, a key can be used
to reference and narrow down the possible nematodes species. However, a limitation of this
approach is that different genera of nematodes can cause similar symptoms, and some species
(e.g. R. similis) have a wide host range, as many as 365 host plants (Holdeman 1986).

Electron microscopy (EM)
Nematodes can be visualised by electron microscopy after suitable processing. Since
development of the first microscope in the 17th century by Antonie van Leeuwenhoek, light
microscopy has enabled nematologist to study small creatures in soil and plant materials. For
some genera, morphometric measurement of most nematodes can be analysed to species level
based on features such as the shape of tail, the size of stylet and the position of vulva. However,
the higher magnification provided by various forms of electron microscopy, can now improve
diagnostics based on morphology.
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Transmission electron microscopy (TEM)
The first TEM was built in 1931 by Max Knoll and Ernst Ruska with greater resolving power
than EM (Anonymous 1993). TEM has a much higher resolution than light microscopy
allowing the user to gain more information or fine detail. The TEM works by transmitting a
beam of electrons in a vacuum through a thin section of a specimen. The beam of electrons
interacts with molecules in the specimen and is then focussed to form an image. The image can
be magnified and is usually viewed on a fluorescent screen, and photographed by film or a
digital camera.

Scanning electron microscopy (SEM)
In SEM, the beam of electrons is scanned over the surface of a preserved specimen to provide a
three-dimensional (3-D) image. SEM is particularly useful for nematode taxonomy. It enables
fine details of nematode structures to be visualised (Wergin 1985). For example, the number of
lips and the number of lateral line of fields which run along the length of the nematode’s body.
However, the cost of purchasing and running an SEM and sample preparation is not
insubstantial.

1.4.2 Serological analysis
Antibody and antigen based methods of detection can be highly specific. However, the process
of developing a species-specific antibody is time consuming. Antibodies can be polyclonal or
monoclonal (MAb), and although MAbs are more antigen specific, they can be more expensive
to develop. In addition, for each new species, a new specific antibody needs to be identified.
Even though the development of antibodies can be complex, their highly specific nature and the
binding affinity between antibody and antigen can lead to sensitive methods of nematode
detection (Blok and Powers 2009).

Enzyme-linked immunosorbent assay (ELISA)
The use of the Enzyme-linked immunosorbent assay (ELISA) is well-established and has been
used widely to identify different organism such as viruses, bacteria and fungi (Berthiller et al.
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2009; Chang et al. 2009; Fiore, Prodan, and Pino 2009; Isaac et al. 2009; Menzel et al. 2009;
Silva-Froufe, Boddey, and Reis 2009; Wei et al. 2009). ELISA is based on the principal of polyand/or monoclonal antibodies and their affinity to bind specific antigens. ELISA assays can be
carried out on a large-scale. Although ELISA is widely used in different diagnostic situations, to
conduct on-the-spot tests and obtain instant results is more difficult. Some antibody based
agglutination kits, in which microparticles coated with antibodies will clump together if the
target antigen is present are available, and field based ‘Lateral Flow Devices’ (for more detailed
description see below) are also commercially available.
The advantages of ELISA assays are that in a single procedure, with the availability of specific
antibodies, the presence of a single species within a population of many species can be analysed.
ELISA has also been used to differentiate between dead and live nematode eggs (Ibrahim et al.
2001).
Although phyto-nematodes such as PCN have been studied using ELISA (Blok and Powers
2009; Curtis et al. 1998; Evans et al. 1995; Fox and Atkinson 1985; Ibrahim et al. 2001; Schots
et al. 1989), unlike viruses, which are enclosed by coat proteins, the extraction of a specific
protein from a single nematode is more difficult, and many nematodes are usually required to
extract enough protein for ELISA assays.

Lateral Flow Devices (LFDs)
Lateral flow devices, also known as ‘immuno-chromatographic strip tests’, are ‘on-the-spot’
slide-based test kits (Figure 9) (Danks and Barker 2000), and have been used to detect a range
of antigens, e.g. of viruses, fungi etc. However, so far no LFDs have been developed
specifically to identify phyto-nematodes. A recent study demonstrated that an LFD could detect
pathogens (Phytophthora spp.) in a 1% infected rhododendron leaf (Lane et al. 2007).
Compared with ELISA, which is usually used in large scale laboratory testing and requires
longer times for chromogenic change antibody-antigen reaction, LFDs can provide a rapid
answer (ca. two minutes) (Danks and Barker 2000; Mumford et al. 2006). With the aid of a
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small portable diagnostic LFD kit, little training is required to run the test and few steps are
involved (Boonham et al. 2008; Miller, Beed, and Harmon 2009).

Figure 9: Concept of Lateral Flow Device showing detection of plant virus: Beet necrotic yellow vein
virus (BNYVV) (Forsite Diagnostics Limited 2010). The LFD has a control antibody to check
function, and a ‘test’ antibody to detect the target antigen. Antibodies are immobilized on the
membrane to capture the target antigen when a coloured band forms.

1.4.3 Nucleic acid procedures
With time, molecular diagnostic tests have become more robust for identification of nematode
taxa. For example, CNs and RKNs were amongst the first for which molecular-based
approaches were used (Abad and Castagnone-Sereno 2008). This has lead to the application of
molecular diagnostics to other taxa. Molecular diagnostics has improved the process of
identifying nematodes in terms of speed and accuracy, as long as methods were developed using
authenticated nematode species. Some molecular approaches are discussed further in the
following section.

Dot-blot assays
Dot-blot technology involves denatured single-stranded DNA spotted onto a solid support such
as a nitrocellulose filter (Webster et al. 1990). The principle of this assay is the degree of
homology between DNA sequences. A single stranded labelled DNA probe is added and
complementary sequences between the labelled probe and target DNA can then be visualized.
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The binding can be affected by the temperature and the level of salt, such that strict conditions
are required for hybridisation (Curran and Robinson 1993).
A range of DNA species-specific probes have now been developed and under controlled
conditions, specific differences between sequences can be identified. At the time of their
development, this technology was one of the least expensive DNA tests available to identify
nematodes (Curran and Robinson 1993), but it use has largely been superceded by PCR-based
methods.

Amplified Fragment Length Polymorphism (AFLP)
AFLP is an economic and effective technique used to generate DNA fingerprints and determine
the relationship between samples. It was developed initially when sequence data was not
available, and is a way of reducing genome complexity to find specific differences between
samples. Using AFLP, fingerprints can be generated from organisms, however complex,
without the need for sequence information (Mueller and Wolfenbarger 1999; Vos et al. 1995).
AFLP makes use of generic primers independent of sequence (Mueller and Wolfenbarger 1999).
The approach includes three steps: (a) restriction of the DNA with two restriction enzymes and
ligation of adapters to the restricted ends; (b) selective amplification of the restricted fragments
using primers complementary to the adapter; (c) analysing the amplified fragments on a gel
(Subbotin and Moens 2006). The key feature of selective amplification by AFLP is using a
primer to a specific digested DNA sequence (Mueller and Wolfenbarger 1999). The presence or
absence of specific DNA sequences on the gel reveals differences between species (Vos et al.
1995).
AFLP analysis has also been used to study phylogenetic relationships between different plantparasitic nematodes (Kaplan, Caswell-Chen, and Williamson 1999; Semblat et al. 1998;
Subbotin and Moens 2006). Based on a study of the beet cyst nematode, the results showed that
AFLP can be used to detect intraspecific genetic differences and to understand host responses to
nematode populations (Kaplan, Caswell-Chen, and Williamson 1999).
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Restriction Fragment Length Polymorphism (RFLP)
Classically the RFLP technique combines cleavage of DNA from genomic DNA, mitochondrial
DNA (mtDNA) or ribosomal DNA (rDNA) with restriction enzymes and separation of
fragments by running them on an agarose gel. Separation is followed by Southern blotting and
autoradiography with a specific labelled DNA fragment. However, the term RFLP is now also
used to refer simply to restriction and staining of amplified DNA to generate and separate bands
of different sizes on a gel.
RFLP can be used to differentiate intraspecific sequences. For example, using rDNA-RFLPs
clearly differentiates species and populations of the H. avenae group (Madani et al. 2004;
Subbotin et al. 1999). Although the information generated by RFLP is useful, the process still
takes time since it includes a gel electrophoresis step, and if Southern blotting is used, it
requires relatively large quantities of starting DNA (Grenier, 1997). Classically, RFLP analysis
is, therefore, less practicable for processing many samples. As for AFLP, the absence or
presence of specific bands is used to differentiate between species.

Internal transcribed spacer regions (ITS) and mitochondrial DNA (mtDNA) genes
The two most commonly used genes for nematode diagnostics are the ITS of nuclear rRNA
genes and the cytochrome oxidase subunit I (COI) of mitochondrial DNA. The ITS regions have
been used widely as a tool to identify many organisms, including plants, fungi and algae for
species-level phylogenetic studies (Cubero et al. 2004; Feliner and Rosselló 2007; Van Oppen
et al. 2005) (for more detailed description see Section 1.5.2).
Phyto-nematodes, like all animals, have circular double-stranded mtDNA which is quite small,
typically ranging from ~14 to ~17kb. The overall mtDNA gene content is much the same across
invertebrates and vertebrates. Mitochondrial DNA typically amplifies well because
mitochondria are present in high numbers per cell. The rate of evolution also makes it useful for
studies at or below species level (De Giorgi, Sialer, and Lamberti 1994). PCR based methods
using mtDNA or ITS sequences are valuable because less DNA needs to be extracted compared
to RFLP methods (Zijlstra, Donkers-Venne, and Fargette 2000). An analysis of the rate of
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evolution of mitochondrial genes and nuclear genes comparing 11 isolates of C. elegans,
showed the rate of evolution in mitochondrial genomes was 5-10 fold higher than for nuclear
genes (Thomas and Wilson 1991). These differences also holds for mammals (Brown et al.
1982; Miyata et al. 1982). Non-coding ITS sequences are more variable in sequence than coding
sequences, and so amplification of these domains by PCR is the usual diagnostic method.

Satellite and microsatellite DNA
Molecular markers such as satellite DNA are based on short sequence repeats (e.g. dimers,
trimers, pentamer sequence repeats of variable numbers) and are now being used for nematode
taxonomy. Their value is that they represent ‘hypervariable’ regions, in which the number of
repeat units can vary. Analysis of the variation in lengths of a series of different microsatellites
is the basis for human forensic DNA fingerprints. Species-specific microsatellites can be
amplified using primers flanking variable repeat regions. Using a combination of microsatellite
sequences, closely related species can be differentiated, such as different species of RKN
(Castagnone-Sereno, Bongiovanni, and Zijlstra 1999; Grenier, Castagnone-Sereno, and Abad
1997; Piotte et al. 1995). More recently, microsatellite sequences have been used to differentiate
the PWN from other Bursaphelenchus species (Castagnone, Abad, and Castagnone-Sereno 2005;
François et al. 2007; Tarès et al. 1994).

Polymerase Chain Reaction (PCR)
Standard PCR is performed by cycling the temperature to separate DNA strands, annealing
specific primers and copying target sequences using a heat stable DNA polymerase. In each
cycle, the amount of target sequence doubles. After 25-35 cycles, millions of copies of the target
sequence are synthesised. The product of a specific size is then detected by gel electrophoresis
or other methods. PCR is now used widely and can be automated to deliver high throughput
applications (Chu et al. 2007). Perhaps the main limitation is in accurate primer design.
Although sequences can be obtained from databases, correct sequence information is required to
design the right primers to amplify the desired sequence. Primers can now be designed routinely
to be specific to genus or even species or race levels (Adam, Phillips, and Blok 2007; Al-Banna
et al. 2004; Waeyenberge, Viaene, and Moens 2009). In addition, PCR amplicons can be
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sequenced to provide further information about the species, or to confirm that the correct
sequence has in fact been amplified.
Having checked specificity and sensitivity of a PCR diagnostic test, it can be very accurate and
rapid. A major advantage over serological methods such as ELISA is that primers can be
synthesised rapidly for any new target. However, the high sensitivity can lead to false positive
results such as from contamination, sequencing errors and hybridisation, and, therefore,
appropriate controls are essential to detect and eliminate any contamination (Santos et al. 2006).

Quantitative real-time PCR (qPCR)
Quantitative real-time PCR or qPCR has further revolutionised molecular diagnostics. qPCR
requires two PCR primers and an additional fluorescent probe (e.g. Taqman) or the dualstranded DNA-intercalating agent SYBR Green 1, or other approaches such as molecular
beacons and scorpion probes (Berry et al. 2008; Cao et al. 2005; Madania, Subbotin, and Moens
2005; Nowaczyk et al. 2008; Tomlinson, Barker, and Boonham 2007; Weller et al. 2000). The
amplification of DNA is measured by the increase of fluorescent products (s).
Scaled up reactions can be done in 96 or 384 well sample plates. Compared to standard PCR in
which at least 200bp of amplicon is usually used to enable easy detection by electrophoresis,
qPCR using a Taqman amplicon probe with a length of 60 to 70bp can achieve more robust
results (Weller et al. 2000). Automated qPCR enables sensitive and specific detection of targets,
but usually requires at least 2 hours (Cao et al. 2005). For quarantine applications the challenge
is to shorten the time taken to confirm any material entering the country. Thus, as for most PCR
or ELISA techniques, the practicality of using qPCR in the field is not yet ideal.

Multiplex-PCR
Multiple species of nematode can be detected in a single PCR reaction when a combination of
different oligonucleotide primers specific to different species of nematode are used (Nakhla et al.
2010; Saeki et al. 2003). This is called “multiplex PCR’ and has been applied to detect
organisms such as viruses, nematodes and fungi (Hamelin et al. 1996; Ito, Ieki, and Ozaki 2002;
Luo and Mitchell 2002; Nakhla et al. 2010; Ragozzino, Faggioli, and Barba 2004; Saeki et al.
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2003) and is widely used in marker assisted selection to develop new plant varieties. However,
it is important that the amplicons are of different lengths and that there is no cross reactivity
between the primers or preferential amplification of certain amplicons. Conditions need to be
carefully controlled to prevent primer cross-reactivity and competing reactions.

Loop-mediated isothermal amplification (LAMP)
Loop-mediated isothermal amplification (LAMP) is a promising technique that could be applied
for on-site-evaluation without the need for a thermal cycler. Using colour changes by an
intercalating dye (Dukes, King, and Alexandersen 2006; Ohtsuka et al. 2005 ) as an indicator or
the production of large amount of magnesium pyrophosphate during real-time or after the
reaction (Mori et al. 2001; Mori et al. 2004), this technique could speed up the process of
evaluating quarantine material (Kikuchi et al. 2009) on site.
The theory behind isothermal amplification technology is that it makes use of the high strand
displacement activity of Bacillus stearothermophilus DNA polymerase and makes use of four to
six primers depending on the sensitivity required. By producing stem-loop structures using the
four primers, isothermal amplification and strand displacement using Bst polymerase can
generate from a few copies to 109 copies. The amplification under isothermal conditions also
means that field diagnostics can be done using this technique without the need for a thermal
cycler and power supply, and amplification can be done in one hour (Nagamine et al. 2001;
Nagamine, Hase, and Notomi 2002; Notomi et al. 2000).
Although isothermal LAMP amplification of DNA requires less equipment, it is less sensitive
than qPCR. Nevertheless, it can still be used to detect pathogens at low levels. Although the
LAMP assay is a promising technique for diagnostics, certain concentrations are required using
PicoGreen dsDNA reagent to produce visible colour change. However, the concentration
required for the colour change can completely inhibit the LAMP reaction. Another disadvantage
of using this detection is contamination from the large amount of product generated after adding
PicoGreen (Tomlinson, Barker, and Boonham 2007). Nevertheless, LAMP has potential for use
as a detection system for phyto-nematodes.
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1.4.4 Protein analysis
Identification of nematodes based on analysis of their proteins has not been used widely so far.
Protein extracts can be separated by 1 or 2-Dimensional Polyacrylamide Gel Electrophoresis,
but new mass spectrometry approaches e.g. Matrix Assisted Laser Desorption Ionization-Time
of Flight Mass Spectrometry (MALDI-TOF MS) now make diagnostics based on protein
analysis more feasible (for more detailed description see Section 1.5.3). The steps involve
adjusting a number of parameters to optimise the quality of spectra generated. Protein profiles
obtained by MALDI-TOF MS provide biomarkers of specific masses that enable species and
populations to be identified rapidly.

1.4.5 Advantages and disadvantages of current methods
The methods described above, (ELISA, dot blots, qPCR, PCR, microsatellite DNA assays,
RFLP, AFLP, rDNA and mtDNA) may be developed to analyse thousands of samples a day.
Although there is potential to evaluate multiple samples, usually, only single species of
nematode are actually detected at a time. When detection of the presence of exotic nematodes is
required, additional considerations such as the host and country from which imported are
required.
Other methods discussed, including LAMP assays, LFDs, SEM, TEM are useful but each has
drawbacks. For example, SEM and TEM are time consuming and not user friendly or applicable
in the field. Prior knowledge is required to be able to recognise nematode anatomy. The most
widely used molecular approaches of those discussed are PCR of ITS region to identify
nematodes. Protein analysis by MALDI-TOF or 2DE requires further development and there are
significant opportunities to use mass spectrometry for nematode diagnostics.
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1.5 Model nematodes selected and techniques used
1.5.1 Selection of nematodes as model
Pratylenchidae
The genus Pratylenchus - the root lesion nematodes (RLNs) - is classified under the Family,
Pratylenchidae. These migratory endoparasites occur widely in Australia and are common
infecting cereal and other crops such as sugarcane (Koenning et al. 1999; Sheedy and
Thompson 2009; Vanstone 1991). Pratylenchus spp. have a wide host range that include cereals,
sugarcanes, vegetables, field crops, ornamentals and grape vines (Loof 1978; Wherrett and
Vanstone 2009). Current work indicates that in Australia alone, damage for the wheat crop from
both P. neglectus and P. thornei can cost the grain industry up to AUD$69 million annually in
the northern region (Thompson et al. 2008) and AUD$190 million annually in the southern and
western regions (Vanstone, Hollaway, and Stirling 2008). The extent of losses caused by
Pratylenchus spp. in southern Australia were highlighted by Vanstone (1991) who showed high
populations of P. neglectus occurred in diseased cereal roots while also describing the disease
symptoms (Vanstone 1991).

Heteroderidae
Cereal cyst nematode (CCN)
Worldwide, there are three species of CCN - H. avenae, H. filipjevi and H. latipons. Fortunately,
only one haplotype of H. avenae (Ha13) is present in Australia, with the other two species listed
as quarantine pathogens. The CCN, H. avenae is a pest to graminaceous crops including small
grains (wheat, barley, oats), other cereals and grasses (particularly wild oat) (Wherrett and
Vanstone 2009). The most commonly used method of control of CCN is crop rotation with a
non-host crop and this reduces damage caused to cereal crops. Given good conditions, the
population of CCN increases rapidly when susceptible cereal crops are grown repeatedly (Lewis
2001). This pest is widely distributed in the south-eastern part of Australia, which can be
severely affected. CCN is also present in the northern and central areas of the Western
Australian wheat belt (Vanstone 2008). In WA, CCN losses from infection of wheat, barley and
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oat crops can be up to 30%, which is a very significant reduction, causing losses of AUD$150
million per annum. Without control of this pest, the CCN infested area in Australia would
expand to up to 2.3 million ha (Vanstone 2008, 2009).

Beet cyst nematode (BCN)
H. schachtii, the beet cyst nematode (BCN) is found on cruciferous vegetable crops (cabbage,
Chinese cabbage, cauliflower, Brussels sprouts, broccoli, turnip, radish and Swede), beets and
spinach. For the beets, two common hosts are red and silver beet. BCN can also survive on
common weeds such as fat-hen, portulaca, shepherd’s purse and wild turnip (Vanstone 2006).
Elsewhere, BCN is the major nematode pest of sugarbeet, particularly in northern Europe.
H. schachtii is widespread in horticultural regions of south-western WA, with limited control
from application of approved nematicides. However, most of the current nematicides are toxic
chemicals which are hazardous to workers and environmentally unfriendly. Because of their
stability, some can be found in the ground water as contaminants. In addition, their efficacy can
be reduced by biodegradation. As a result, more than two-thirds of the major chemical
nematicides have been banned or are on a ‘reduced use’ mandate.

The choice of species selected in this study
CCN, H. avenae and RLN, Pratylenchus spp. (P. thornei, P. neglectus and P. penetrans) were
chosen for this study because of their economic impact in WA. Similarly, H. schachtii, is
widespread on the Swan Coastal Plain where it can cause severe damage, but its presence and
effects have been underestimated, and further work is required to quantify losses to horticultural
crops.
P. thornei, P. neglectus and P. penetrans were chosen as model migratory nematodes for study
because of their economic significance. An additional species from the Pratylenchidae family
was also included - P. zeae, because it is a pathogen of tropical grasses (e.g. sugarcane).
Other species of nematodes identified as of biosecurity concern were also studied. Although,
WA has recently been declared free from G. rostochiensis (Hodda and Cook 2009), this species
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was also included in the study. DNA extracts were from sources in Japan and New Zealand
while the protein extract of this species was sourced from Japan. The second species of PCN, G.
pallida, has not yet been reported in Australia (Quader 2009) and, therefore, it was also
included in the study, with DNA extracts sourced from New Zealand.
H. glycines (soybean cyst nematode/SCN) is the major pathogen of soybean worldwide, but it is
not present in Australia (Hodda and Nobbs 2008) and DNA and protein extracts for this species
were also collected from Japan. Two species of CCN (H. latipons and H. filipjevi), not present
in Australia (Riley and McKay 2009) were also studied. In this case ITS sequences of these
species of CCN were obtained from the NCBI database, and their study was included for
comparison with related cyst nematodes.

1.5.2 DNA analysis of the internal transcribed spacers (ITS) genes
The ITS region is used frequently in evolutionary molecular studies on nematodes and other
species (Adams, Burnell, and Powers 1998; Amiri, Subbotin, and Moens 2002; Cherry et al.
1997; Elbadri et al. 2002; Powers 2004). The main reasons for this are: (i) the multiple copies of
tandem repeats of the rRNA gene increase sensitivity of PCR amplification (even in difficult
samples such as from herbarium specimens, PCR amplification can still be used successfully);
(ii) the relatively small size of the ITS region (~1000bp based on C. elegans) (Dorris, De Ley,
and Blaxter 1999); (iii) the level of variation within ITS has been sufficient for studies on
evolution at and below species level (Feliner and Rosselló 2007); (iv) the relative conservation
of coding sequences that flank the non-coding spacers sequences; (v) internal primers are not
required because of the length of the ITS region, this enables amplification and sequencing; (vi)
universal primers are available that work with a wide range of taxonomic groups; and (vii)
finally for ‘historical’ reasons, these genes were the first to be characterized in plant nematode
sequence studies (Perry, Subbotin, and Moens 2007).

In C. elegans, rDNA genes consist of about 55 directly repeated copies of the rRNA cistron,
with similar copy numbers expected for other nematodes (Dorris, De Ley, and Blaxter 1999).
Each cistron encompasses a small subunit gene (SSU) also known as 18S; ITS1; the 5.8S gene;
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ITS2; and the large subunit gene (LSU) also known as the 28S sequence. Each transcribed
cistron is separated by an external non-transcribed spacer (NTS) (Figure 10).

NTS
~1000

SSU (18S)

ITS1

1700

5.8S

ITS2

150

LSU (28S)

NTS

3400

~1000
Figure 10: Ribosomal RNA (rRNA) cistron with NTS, SSU, ITS 1 and 2, 5.8S and LSU. Sizes based
on C. elegans are in base pairs and approximate. Arrows over SSU and LSU are the positions of the
primers normally used, indicating direction of amplification.

The ITS regions are particularly useful because they can be used to answer evolutionary
questions at different levels (Powers et al. 1997). Of the rDNA regions used for diagnostics, the
NTS region is the most variable in length and sequence, followed by the ITS and 5.8S regions,
with the SSU and LSU sequences being most conserved (Dorris, De Ley, and Blaxter 1999).
It is thought that ribosomal RNA genes became duplicated because of the need for many
ribosomes for protein synthesis (Noller et al. 1990). Thus, their sequence, universal occurrence,
repetition and conservation of structure can be applied to phylogenetic studies of many different
species (Hamby and Zimmer 1992; Hillis and Dixon 1991).
The ITS genes have been used widely as diagnostic sequences to identify nematodes such as
Radopholus spp., Bursaphelenchus spp., Heterodera spp., Pratylenchus spp., Globodera spp.
and Meloidogyne spp. (Adams, Burnell, and Powers 1998; Adam, Phillips, and Blok 2007; AlBanna et al. 2004; Amiri, Subbotin, and Moens 2002; Blaxter et al. 1998; Cherry et al. 1997;
Elbadri et al. 2002; Han et al. 2008; Kaplan 1994; Kaplan et al. 2000; Sayed Abdul Rahman et
al. 2010; Subbotin and Moens 2006; Tan et al. 2010; Waeyenberge, Viaene, and Moens 2009;
Zijlstra et al. 1992). Using simple PCR, multiple copies of target genes can be amplified from
small amounts of sample DNA. Diagnostic applications often amplify ITS 1 and 2 sequences
from the nuclear ribosomal RNA genes.
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1.5.3 Protein Profiling
Although most molecular diagnostic work has been based on DNA studies, the opportunity
exists to use protein profiles as a novel diagnostic tool. This approach has been stimulated by
rapid advances in mass spectrometry. Proteomics can also be used to compare proteomes, i.e.
qualitative and quantitative amounts of proteins present under various conditions, to understand
the products of expressed genes (Marko-Varga 2004).
This work has been pioneered using Matrix Assisted Laser Desorption Ionisation-Time-ofFlight Mass Spectrometry (MALDI-TOF MS) (Navas et al. 2002; Perera, Vanstone, and Jones
2005; Perera et al. 2009). With further refinement, by comparing profiles of more identified
species, conclusions can be reached on the general applicability of MALDI-TOF MS as a
diagnostic technique for nematode identification. Mass spectrometers are now often available in
molecular laboratories, but their use for on-site diagnostics is not yet practicable. The advantage
is that the MS measures the time taken for ionized molecules to reach the detector. This is a
very fast process and gives accurate molecular weights, and can also be used to analyse many
samples automatically.
Although 1 and 2-Dimensional Gel Electrophoresis can be used to reveal differences in proteins
in different samples, 1D PAGE is of limited use, but 2D PAGE enables study of many more
proteins. However, in both cases, protein profiles will vary with the stages of nematode
development, and the sample stage should be standardized (e.g. J2 or adult) (Perry, Subbotin,
and Moens 2007).
Matrix Assisted Laser Desorption Ionisation of Flight Mass Spectrometry (MALDI-TOF
MS)
MALDI-TOF MS protein profiling is a novel diagnostic technique that is based on accurate
determination of protein masses. Diagnostic identification has been applied to a range of
organisms such as bacteria, nematodes, viruses, fungi, insects and crops such as cereal
(Baracchi and Turillazzi 2010; Campos et al. 2009; Claydon et al. 1996; De Respinis et al. 2010;
Demirev et al. 1999; Drucker 1994; Holland et al. 1996; Krishnamurthy, Rajamani, and Ross
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1996; Perera, Vargas, and Jones 2005; Scobie and Jones 2010; Siricord 2005; Tan, Wong, and
Kini 2000; Wang et al. 1998; Welham et al. 2000; Welham et al. 1998; Yao, Afonso, and
Fenselau 2002). Recently it has been applied to characterise Meloidogyne spp., Ditylenchus spp.
and Anguina spp. and it has shown promising results (Navas et al. 2002; Perera et al. 2009;
Perera, Vanstone, and Jones 2005).
MALDI-TOF MS is based on the analysis of extracted proteins mixed with freshly prepared
matrix which is air dried on a MS plate and put into a MALDI-TOF MS. Proteins are ionised by
pulses from an ultraviolet (UV) laser, and their masses are then determined by the time it takes
them to reach the detector using ‘linear’ mode. The key is that the matrixes help to ionize large
biomolecules without fragmentation. However, this operation requires optimisation of several
parameters to obtain the best spectra. Results generated for protein biomarkers enable
identification of species and populations of organisms, which makes MS protein profiling a
rapid tool for diagnostics.
Despite promising results, a limitation of MALDI-TOF MS is that it requires relatively clean
samples, although the cost of running the samples is low (Ortea et al. 2009). An advantage of
this technology is that the process is simple and the detection sensitivity is high. One aim of the
work in this thesis was to extend MALDI-TOF MS diagnostics for plant-parasitic nematodes.

2-Dimensional Polyacrylamide Gel Electrophoresis (2-D PAGE)
Proteins have been separated by gel electrophoresis since the 1960s (Hubby and Throckmorton
1965) and such profiles have been used to distinguish between species (Curran and Robinson
1993). Applications include evolutionary studies, systematics and taxonomy (d'Hondt 2001;
Hillis and Moritz 1990; Thorpe and Solé-Cava 1994), and protein patterns have been used to
reveal the genetic differences between single individuals within a population (Nei 1987).
One dimensional electrophoresis (1DE) separates proteins using polyacrylamide gel
electrophoresis. The information retrieved from the separation can be the molecular weight and
protein purity, as well as the molecular size of subunits and the number (Gallagher 1995). The
concept of this technology is based on an electric current passing through a medium such as
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acrylamide gel containing the target mixture, through which different sized charged molecules
travel at different speeds (Righetti 1983). The higher the acrylamide concentration, the lower
the pore size of the gel will be. The migration rate of proteins depends on the gel pore size,
protein charge, size, and shape and the applied electric field (Jefferies 2008).
Two-dimensional electrophoresis (2DE) was first developed for systematic use in the 1980s
(Aquadro and Avise 1981; Ohnishi, Kawanishi, and Watanabe 1983), and the technique is now
widely used to characterise proteins in organisms such as bacteria and fungi (Bunai and Yamane
2005; Kint et al. 2009; Sato et al. 2007; Shabab et al. 2008). 2DE can be used to analyse protein
constituents of tissue and organs, and allows the evaluation of the relationship between closely
related species and phylogenetics (Navas et al. 2002; Ortea et al. 2009). 2DE is based on
combining two methods, isoelectric focusing in the first dimension in which proteins move to a
pH position at which they have no net charge (their pI), and this is followed in the second
dimension by separation based on size. The results from the combination give a greater
resolution compared to either technique alone (Adams and Gallagher 2004).
Proteins are visualised on 2DE gels after staining, as a series of spots. These proteins can be
further analysed by digesting them with trypsin to produce individual peptides. These peptides
can also be fragmented in a mass spectrometer to produce ions which hold the information that
gives the amino acid sequence. The peptide ion results are then matched with possible amino
acid sequences available in databases.
The main limitations are: (i) the complexity of different classes of protein such as membrane
proteins, which are difficult to analyse using 2DE because of low solubility and generally low
abundance (Santoni, Molloy, and Rabilloud 2000); (ii) in contrast to whole genome sequencing,
analysis of the full proteome is not possible in one sample (Beranova-Giorgianni 2003); (iii) the
end results from different staining methods for protein analysis can affect the quantification of
proteins. For example, staining with Commassie Blue is less sensitive than staining with silver
ions, but this stain is preferred for protein quantification (Beranova-Giorgianni 2003); (iv)
although 2DE is suitable for many types of study, the technique is labour-intensive with low
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throughput (Beranova-Giorgianni 2003); (v) if high sensitivity silver staining is used, the
quantity of protein detected can be at femtomole (fmole) level, a level at which further protein
analysis cannot be undertaken (Beranova-Giorgianni 2003).
2DE has been applied for nematode taxonomical diagnoses (Ferris et al. 1987) and the
technique was widely used to study the genus Heterodera (Bartel et al. 2007; Ferris, Ferris, and
Murdock 1985; Ferris et al. 1989; Vanholme et al. 2006) and Globodera (De Boer et al. 1992;
Folkertsma et al. 1996; Fullaondo et al. 2001). This technique can provide information on
specific protein that may be developed as biomarkers for nematode identification and was,
therefore, studied here as a method complementary to MALDI-TOF MS analysis.

1.5.4 ‘Anti-primer Quantitative PCR technology (aQPCR) and ‘Multiplex Antiprimer Denaturation’ PCR technology (MAD PCR)
aQPCR technology was first introduced for clinical cancer research (Li et al. 2006). The concept
is based on a combination of both nucleic acid amplification and quantitative PCR technology.
The combination of existing approaches gives this hybrid technology additional flexibility for
target identification. In this thesis it has been studied to develop a new multiplex system to
identify nematodes, making use of different fluorescence labels and melt analysis. aQPCR and
MAD PCR are described in detail in the ‘Introduction’ to Chapter 6.

1.5.5 DNA Isolation Rapid Technique (soil) - DIRT(s)
One limitation of diagnostic studies of plant-parasitic nematodes is the need to extract
nematodes or nematode DNA from soil or plant tissues. This aspect can be a rate limiting step
in nematode diagnostics, and has been addressed in this thesis. A rapid DNA extraction method
termed ‘DNA isolation rapid technique from soil’ (DIRT(s)) has been developed as a package,
in combination with aQPCR and MAD PCR. This extraction process and associated DNA
amplification is described in detail in Chapter 7.
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1.6 Conclusions
Plant-parasitic nematodes cause economic losses to most cash crops. There is, therefore, a need
to increase the accuracy and capacity for their identification and detection, to prevent possible
incursions of new nematodes, and to generate new knowledge that can be used for improved
surveillance, detection and risk assessment.
The diagnostic methods described above have their strengths and drawbacks. However,
biosecurity or rather border security requires precise, sensitive and fast evaluation technology to
prevent the entry of quarantine pests. Molecular techniques such as PCR, ELISA, and qPCR can
be run as high-throughput assays and are valuable for screening many samples simultaneously.
However, these methods are not so useful for screening foreign and exotic nematodes species,
because more practical and rapid diagnostic techniques are needed.
Of new developments, protein profiling using MALDI-TOF MS is promising, and 2D protein
separation can be used to identify specific biomarkers and for application in point-of-use
detection systems. A new qPCR-based detection system has been developed based on aQPCR
technology. This technique may also be used to reduce the time taken for evaluating quarantine
materials upon entry to the country.

1.7 Project Aims
There overall aim of the research in this thesis was to evaluate existing and novel techniques to
detect quarantine phyto-nematodes. To achieve this aim, the following aspects were studied:



Establishment of nucleic acid based PCR methods and their application to major cyst and
root lesion nematode species, to validate use of ITS regions as tools for their identification.



To investigate the use of protein-based methods to identify nematode species, using gel
electrophoresis and mass spectroscopy, and evaluate their usefulness in nematode
diagnostics.



To investigate and establish novel methods of nucleic acid-based nematode diagnostics,
including aQPCR technology and multiplex PCR.
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To investigate rapid extraction of nucleic acid from soils and apply this to nematode
detection.



To develop a nucleic acid based detection package, from DNA extraction to data collection
using multiplex PCR.



To provide some recommendations on methods that can be used to identify nematodes of
potential biosecurity risk to Australia.
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Chapter 2: Nematode populations and their maintenance

2.1 Introduction
The overall aim of this project was to develop rapid and accurate nematode diagnostic detection
methods based either on DNA and protein analyses in relation to biosecurity. The sources of
nematode studied, and the methods used to maintain populations, are provided here.

2.2 Collection and culture of plant-parasitic nematodes
The nematode genera used in this study were Pratylenchus spp. (6 populations), Heterodera spp.
(13 populations) and Globodera spp. (3 populations) (Table 2). Pratylenchus populations were
collected from infected plants such as: pea, canola, cauliflower, wheat and oats in both southern
and western regions of Australia. Heterodera schachtii (beet cyst nematode/BCN) was collected
from cabbages and broccoli from regions near Perth, and H. avenae (cereal cyst nematode/CCN)
was collected from wheat and barley from the wheat belt in both southern and western regions
of Australia (Figure 11). H. glycines (soybean cyst nematode/SCN) and G. rostochiensis (potato
cyst nematode/PCN) were collected from Hokkaido (Japan). The race 3 SCN nematodes
collected in Japan apparently was introduced from the USA. A European population of H.
schachtii was obtained from Austria and kept on white mustard. Additional DNA samples of
two species of PCN from New Zealand (G. rostochiensis and G. pallida) were extracted from
nematodes that infected potatoes grown in New Zealand.
Each population was given a code as shown in Table 2. The populations were collected by staff
of the Department of Agriculture and Food of Western Australia (DAFWA), Agri-Science
Queensland, Department of Agriculture, Fisheries and Forest, Queensland (DAFF QLD)
(formerly known as the Queensland Department of Employment, Economic Development and
Innovation, DEEDI), South Australian Research and Development Institute (SARDI) and
Nemgenix Pty Ltd. The taxonomic attributions of these samples were verified by Dr Jackie
Nobbs (SARDI). The SCN and PCN samples were donated by Dr Narabu Takashi from the
National Agricultural Research Center for the Hokkaido Region and the DNA of two species of
PCN were donated by Dr Farhat Shah from The New Zealand Institute for Plant & Food
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Research Ltd. The Austrian H. schachtii sample was provided by Dr Florian Grundler, now at
the University of Bonn, Germany. The CCN samples from South Australia were provided by
Mr John Lewis (SARDI).
Table 2: Nematode species used in this study. Host and region/country of collection are indicated
where known, and the type of analysis undertaken with each is also indicated.
Species
P. neglectus

Code

Location

131

Mukinbudin/WA

Host
Field Pea

Collector
Vanstone, V.

Sequencing/
MADI-TOF/
2D analysis
Yes

DAFWA trial i.d.

DAFWA Culture

Yes

03GE14

initiated 2003

Yes

from single
female
P. neglectus

264

Cadoux/WA

Canola

Vanstone, V.

Yes

DAFWA trial i.d.

DAFWA

Yes

03WH52

Culture initiated

Yes

2003 from single
female
P. penetrans

642

Manjimup/WA

Cauliflower

Nobbs, J.

Yes

DAFWA

SARDI

Yes

Research Station

Culture initiated

Yes

Sep 2003
P. penetrans

Narrogin

Narrogin/WA

Oat

Vanstone, V.

Yes

DAFWA

Yes

Culture initiated

Yes

2003
P. thornei

Vic33

Charlton/Vic

Cereal

Nobbs, J.

Yes

SARDI

Yes
Yes

P. zeae

Aus/Qld

Queensland/QLD

Sugar Cane

Stirling, G.

Yes

Biological Crop

Yes

Protection Pty.

Yes

Ltd.
H. schachtii

Cara1

Carabooda/WA

Broccoli

Jones, M. G. K.

Yes

and

Murdoch Uni

Yes

Cabbages

Yes
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H. schachtii

Cara2

Carabooda/WA

Cabbages

Vanstone, V.

Yes

DAFWA

Yes
Yes

H. schachtii

‘97

Baldivis/WA

Silver beet

Jones, M. G. K.

Yes

and

Murdoch Uni

Yes

Cabbages
H. schachtii

H. avenae

Austria

Northam

Austria

Northam/WA

Yes

White

Grundler, F.

Yes

Mustard

Uni of Bonn,

Yes

Germany

No

Vanstone, V.

Yes

DAFWA

Yes

Wheat

Yes
H. avenae

Geraldton

Geraldton/WA

Wheat

Vanstone, V.

Yes

DAFWA

Yes
No

H. avenae

Dongara

Dongara/WA

Wheat

Vanstone, V.

Yes

DAFWA

Yes
No

H. avenae

H. avenae

Warnertown

Melton

Ray tiller

Wheat 2008

Lewis, J.

No

Paddock R38

Season,

SARDI

Yes

Warnertown

Soil/Cysts

Area B Sect

Collected

3/SA

April 2009

Craig Hill,

Crop 2009

Melton 1998

Unknown,

Trial site

Soil/Cysts

paddock/SA

Collected May

No

Lewis, J.
SARDI

No
Yes
No

2010
H. avenae

Kilkerran

Lyall Schulz

Crop 2004

Lewis, J.

No

South

unknown,

SARDI

Yes

Kilkerran/SA

Soil/Cysts

No

Collected
Autumn 2005
H. avenae

Schooner

Inoculum

Barley cv.

Lewis, J.

No

multiplication

Schooner

SARDI

Yes

2010/SA
H. avenae

Wyalkatchem

No

Inoculum

Wheat cv.

Lewis, J.

No

multiplication

Wyalkatchem

SARDI

Yes

2010/SA

No
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H. glycines

SCN Jp

Hokkaido/Japan

Soybean

Narabu, T.

Yes

National

Yes

Agricultural

No

Research Center
for Hokkaido
Region
G.

Ro Jp

Hokkaido/Japan

Potato

rostochiensis

Narabu, T.

Yes

National

Yes

Agricultural

No

Research Center
for Hokkaido
Region
G.

Ro Nz

New Zealand

Potato

rostochiensis

Shah, F.

Yes

NZ Institute for

Yes

Plant & Food

No

Research Ltd
G.

Ro Nz

New Zealand

Potato

rostochiensis

Shah, F.

Yes

NZ Institute for

Yes

Plant & Food

No

Research Ltd
G. pallida

Pa Nz

New Zealand

Potato

Shah, F.

Yes

NZ Institute for

Yes

Plant & Food

No

Research Ltd

2.2.1 Root lesion nematode cultures
RLN cultures were started from single nematodes and were maintained on carrot disks at
DAFWA and QDAFF. Infected carrot discs were cut into pieces and soaked overnight in sterile
distilled water or placed in a mist chamber for seven days to extract the nematodes (Hooper
1986). The water was sieved through sieves of decreasing mesh apertures: 250µm followed by
100µm, with the nematodes retained either by 38µm or the 25µm aperture sieves. The water
with nematodes was collected and the nematodes were checked under a compound microscope.
The nematode suspension was then pipetted into 1.5ml Eppendorf tubes and centrifuged at
5,200 x g for 5 min. The water was removed leaving the nematode pellet.
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2.2.2 Surface sterilisation and establishment of RLN cultures
Surface sterilisation of RLNs was as follows: the RLN suspension was suspended for 30 min in
1% penicillin and 1% streptomycin. This was followed by seven washes with sterile MilliQ
water. Each wash involved centrifugation at 5,200 x g for 3 min and the supernatant was
removed without disturbing the nematode pellet. The nematodes were then suspended in 5μl of
sterile distilled water and individuals handpicked to start new cultures on carrot discs. To
initiate a single genotype population, a single mature female was picked from the nematode
suspension using an eyelash and placed on a sterile carrot disk (Moody, Lownsbery, and Ahmed
1973), except for P. penetrans, which reproduces sexually. Carrot cv. Stefano was used for
carrot discs, and was purchased from Mercer Mooney (Canning Vale, WA). Carrots were
sterilised using 2% sodium hypocholorite with 3 drops of Tween 20 and placed on a shaker for
45 min. After surface sterilisation, sodium hypocholorite and Tween 20 were discarded and
sterilised carrots were washed with autoclaved MilliQ water in a laminar flow hood. After
washing, dead tissues were removed using a peeler and washed again before cutting into 2cm
(diameter) X 3cm (height) discs. Sterile plastic tubs were used for culture and carrot discs were
kept for one week before infecting with nematodes.
Once the initial population had multiplied, approximately 1μl (ca 200 nematodes) of nematode
suspension of each population was transferred onto fresh cultured carrot discs at monthly
intervals and maintained at 21˚C for P. thornei, P. penetrans and P. neglectus, whilst P. zeae
was maintain at 26˚C. This procedure ensured a constant supply of RLNs for each population
established from a single nematode.
2.2.3 Surface sterilisation and establishment of CN cultures
Heterodera populations previously collected by DAFWA and Nemgenix were re-established.
Dry soil containing cysts was treated by mixing the infected soil in a pail and sieving organic
material plus cysts through sieves of aperture size 850µm and 212µm. This step removed larger
organic material and left smaller organic material and cysts. The water with cysts and smaller
organic material was transferred to a filter paper in a funnel, and water was irrigated for 1 min at
the centre of the filter paper. This made the cysts float and form a concentric ring on the filter
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paper. The cysts were then picked from the concentric ring. Dried cysts were then surface
sterilised for 8 min using 2% sodium hypocholorite and two drops of Tween 20. After
sterilisation, cysts were picked from the disinfectant and transferred to a 1.5ml Eppendorf tube
with MilliQ water. The cysts were washed eight times by changing MilliQ water. This removed
residual sodium hypocholorite and Tween 20.
All cysts were broken open in sterile distilled water prior to the incubation of eggs. When
collecting the J2s on a weekly basis, the sterile distilled water was changed. The H. schachtii
eggs were hatched at 26˚C for a period of 4 weeks and H. avenae eggs were hatch at 15˚C for
six to eight weeks. Each week, J2 nematodes were collected and kept at 4˚C to bulk up the
number for inoculation. The host plants used for BCN cultures were cabbages, broccoli, silver
beet and mustard, and wheat cv. Janz was used as the host for CCN. Wheat plants were
inoculated with 500 J2 nematodes each. All host plants were grown using ‘Murdoch Mix’
potting compost (2 parts of composted pinebark, 2 parts of coarse river sand and 1 part of peat),
20g of dolomite, 12g of calcium carbonate, 40g of Hort. Special (Baileys Fertiliser, Australia),
40g of Osmocote® (Scotts, Australia) in a 150L tub. Potting mix was pasteurized by steaming
for 15 min at 120°C before host plants were germinated in the potting mix.
Because of quarantine restrictions, the H. glycines and G. rostochiensis cysts were collected in
Hokkaido, Japan, from infected soybean and potato plants respectively. This work was done at
Hokkaido University in the laboratory of Associate Professor Derek Goto. DNA and protein of
the nematode samples were extracted in Japan and then brought back to Australia for analysis.
The additional DNA samples of G. rostochiensis and G. pallida were extracted by Dr Farhat
Sahah in New Zealand. Although H. schachtii is endemic in Australia, the population from
Austria was maintained under AQIS quarantine conditions.
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Figure 11: Location of nematode populations collected in Australia.
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2.3 Additional materials and methods
The general materials and methods described in this Chapter were used to maintain phytonematode species and populations. Methods used to extract DNA are provided in Chapters 3, 6
and 7, and for protein analyses in Chapters 4 and 5.
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Chapter 3: Identification of nematodes based on nucleic acid
amplification

3.1 Introduction
Nematode identification has been based on morphological measurements made by experienced
taxonomists. The accuracy and reliability of identification depends on the skill and experience
of the person doing the diagnostic identification. The number of experienced and qualified
nematode taxonomists is currently declining. Training a classical nematode taxonomist takes
time and in the context of border biosecurity, time is often limited when a new pest is found.
As described in Section 1.5.2, the ITS region, which encompasses: the ribosomal small subunit
gene (SSU) also known as 18S; the internal transcribed spacer 1 (ITS1); the 5.8S gene; ITS2;
and the large subunit gene (LSU) also known as the 28S, has been used widely for diagnostic
purposes in other organisms such as plants, fungi and algae, and to study species-level
phylogenetic relationships (Cubero et al. 2004; Feliner and Rosselló 2007; Van Oppen et al.
2005).
Nematode diagnosis can now be done using molecular techniques. In the future, PCR-based
identification of nematodes may supercede classical taxonomic identification. In this Chapter,
PCR is shown to diagnose and developed as a diagnostic tool to identify nematode models and
other species of potential biosecurity concern.
Results from nucleic acid analyses are presented, together with sequence data used to generate
phylogenies to investigate evolutionary relationships for populations of cyst and root lesion
nematodes. These results are compared with protein-based diagnostic methods (Chapters 4 and
5), and expanded by application of ‘anti-primer’ technology (Chapters 6 and 7). The choices of
species used were based both on their economic importance and their availability (Chapter 2).
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3.2 Materials and Methods
Nematode samples studied here were collected from different locations in Australia as described
in Chapter 2 (Figure 11), and nematode DNA was sourced from New Zealand, Japan and
Austria (Chapter 2, Table 2).
3.2.1 DNA extraction methods
Chelex Extraction
In the first protocol used to extract DNA from nematodes, the Chelex-100 (Bio-Rad
Laboratories, Australia) method of Walsh et al. (1991) was modified. Pure cultures of each
nematode population, of volume 3μL (~500 nematodes), were ground with an autoclaved micropestle in a 1.5mL Eppendorf tube. 20% Chelex beads solution was mixed on a magnetic stirrer
and 200μL of Chelex mix was added to the ground nematodes. This solution was vortexed and
heated at 100ºC for 15 min. The solution was then placed in a -80ºC freezer for 10 min and then
centrifuged at 20,800 x g for 5 min. The top layer of the supernatant, which contained the DNA
was used for PCR, and the remaining supernatant was kept for future re-sampling. The 20%
Chelex solution contained: 25M of Tris-HCL, 2.5M EDTA, 100g of Chelex beads and
10mg/mL of RNAse (Walsh, Metzger, and Higuchi 1991).
Worm Lysis Buffer Extraction
In the second DNA extraction method ‘worm lysis buffer’ (WLB), modified from Adam, et al.
(2007), was used. WLB contained: 50mM KCl, 10mM Tris-HCL pH 8·0, 2.5mM MgCl2, 0.45%
Trion-X, 4.5% Tween 20 (Sigma-Aldrich, Australia) and 60μg mL−1 proteinase K (Roche
Products Pty Ltd, Australia). A single adult nematode was added to a 0.2mL PCR tube with
20μL of WLB. The extract was centrifuged at 20,800 x g for 2 min, follow by incubation for 15
min at -80ºC. After incubation, the extract was warmed to room temperature and centrifuged at
20,800 x g for 2 min, followed by 1 hour of incubation at 65ºC and then 10 min of 95ºC (Adam,
Phillips, and Blok 2007). The extract was kept at -80ºC for future re-sampling.
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Qiagen DNeasy Blood and Tissue Extraction
Nematode DNA was extracted from about 1,000 nematodes with a DNeasy Blood and Tissue
extraction kit (Qiagen Pty Ltd, Australia) following the protocol (version July, 2007) provided
by the manufacturer.
3.2.2 PCR amplification
All PCRs were done in a 25μL volume consisting of 1x DNA polymerase buffer, 0.2mM dNTPs,
1 unit of DNA Taq polymerase, 1.5mM MgCl2 (Invitrogen Pty Ltd, Australia), 0.5μM each of
primer pair (Table 3) and 2μL of DNA extract, made to the final volume with deionised PCR
grade water. PCR reactions were run on an Applied Biosystems VeritiTM 96-Well Thermal
Cycler.
The PCR amplification profile for Pratylenchus spp. using PratTW81 and AB28 primers was: 4
min at 94ºC; 30 cycles of 1 min at 92ºC, 1min of 55ºC and 1.5 min of 72ºC and a final 10 min
for 72ºC. For cyst nematodes the amplification profile using TW81 and AB28 primers was: 4
min at 94ºC; 35 cycles of 1 min at 94ºC, 1.5 min of 55ºC and 2 min of 72ºC and a final 10 min
at 72ºC. In addition to the ITS region, the D3A and D3B region of the 28S rDNA was used to
verify the P. zeae population. The amplification profile was: 4 min at 94ºC; 35 cycles of 30 sec
at 94ºC, 30 sec of 55ºC and 1.5 min of 72ºC; and a final 10 min at 72ºC. The six PCR primers
used were as described in Table 3 (Al-Banna et al. 2004; Joyce et al. 1994; Waeyenberge,
Viaene, and Moens 2009). Negative control with no DNA template was included for each PCR
assay.
Table 3: Primer sets used to identify root lesion and cyst nematodes for ITS rDNA amplification.

Root lesion

PratTW81

5’- GTAGGTGAACCTGCTGCTG -3’

Waeyenberge et

nematodes

AB28

5’- ATATGCTTAAGTTCAGCGGGT -3’

al. (2009)

Cyst

TW81

5’- GTTTCCGTAGGTGAACCTGC -3’

Joyce et al.

nematodes

AB28

5’- ATATGCTTAAGTTCAGCGGGT -3’

(1994)

P. zeae

D3A

5’- GACCCGTCTTGAAACACGGA -3’

Al-Banna et al.

D3B

5’- TCGGAAGGAACCAGCTACTA -3’

(2004)
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3.2.3 Agarose Gel Electrophoresis
PCR amplicons were separated and visualized by electrophoresis in 1% agarose gels (Bio-Rad
Laboratories, Australia) and visualised with SYBR® safe DNA stain (Invitrogen Pty Ltd,
Australia). Nine microlitres of PCR product were mixed with 1μL of bromophenol blue before
separation by electrophoresis in 1X Tris-acetate acid-EDTA (TAE) buffer. Ten microliters of
100bp molecular weight marker (Axygen Biosciences, Australia) were used as a size standard
and the electrophoresis conditions were 70V for 50 min on a Bio-Rad Mini-Sub Cell™ or BioRad Wide Mini-Sub Cell™. DNA bands in gels were visualized using a Dark Reader® DR-88M
transilluminator (Clare Chemical Research, US).
3.2.4 Purification of DNA solutions
Purification of PCR products by QIAquick PCR cleanup kit
DNA samples were purified by removing primers and unincorporated nucleotides using a
QIAquick PCR clean up kit (Qiagen Pty Ltd, Australia) following the procedure (version March,
2008) recommended by the manufacturer.
3.2.5 Quantifying DNA
DNA samples were quantified using a Nanodrop UV-Vis spectrophotometer (Nanodrop
Technologies) following the manufacturer’s protocol.
3.2.6 Ligation and transformation using pGEM-T easyTM
Quantified PCR amplicons were ligated into a plasmid vector using pGEM-T easy cloning kit
(Promega Corp, Australia) and transformation was done using E. coli. Following ligation,
plasmids were transformed into JM109 competent cells (Promega Corp, Australia). Ligation and
transformation steps were carried out as per manufacturer’s protocol (version Dec 2010).
Screening for recombinant plasmids
Overnight incubated agar plates with colonies were screened for white recombinant plasmids.
White colonies were picked for PCR the following day as follows:
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White clones were picked and suspended in 20μL of deionised PCR grade water.



5μL of suspension in deionised PCR grade water was used for PCR reactions. Each
reaction consisted of 2.45μL of deionised PCR grade water, 2μL Invitrogen DNA
polymerase buffer (10mM), 0.4μL Bioline dNTPs (2mM), 0.05μL Invitrogen DNA Taq
polymerase (5U/μL), 1.5μL MgCl2 (50mM), 9μL of cresol red, 0.5μL of T7 primer and
0.5μL of SP6 reverse primer (Table 4) to give a total reaction volume of 22μL.



Colony PCR amplification conditions were: 3 min at 94ºC; 25 cycles of 30 sec at 94ºC,
30 sec at 55ºC and 1 min at 72ºC; 2 min for 72ºC and the reactions were finally held at
14ºC.



10μL of PCR product was run on a 1% agarose gels at 100V for 45min.

Table 4: Universal primer set used to amplify inserts in the pGEM-®T Vector (Anonymous 2012).

T7

5’- TAATACGACTCACTATAGGG -3’

SP6

5’- ATTTAGGTGACACTATAG -3’

3.2.7 Plasmid Extraction
After confirming the presence of target bands, 5μL of bacterial solution was inoculated onto
5mL LB media with 5μL ampicillin (100μL/mL). The cultures were grown overnight on a
shaker at 37ºC. Plasmids from the cultures were then purified using the PurLinkTM Quick
Plasmid Miniprep Kit (Invitrogen Pty Ltd, Australia) and Wizard® Plus SV Minipreps DNA
Purification System (Promega Corp, Australia).
PureLinkTM Quick Plasmid Miniprep Kit
Plasmid was extracted from 1.5mL of overnight culture as follows. Cells were centrifuged at
16,000 x g for 1 min to obtain a pellet and the supernatant discarded. Plasmid extraction steps
were carried out as per the manufacturer’s protocol (Invitrogen Pty Ltd, Australia, version C
July 2005).
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Wizard® Plus SV Minipreps DNA Purification System
The second kit used for plasmid extraction was Wizard® Plus SV Minipreps DNA Purification
System and extraction was carried out as per manufacturer’s protocol (Promega Corp, Australia,
version Dec 2010).
3.2.8 Restriction digestion of plasmids
Restriction digestion was conducted on purified plasmid DNA as follows:


A reaction of 20μL consisted of extracted plasmid at a concentration of 500ng/μL with
0.5μL of 10u/μL EcoR1 (Promega Corp, Australia), 2μL EcoR1 Buffer (10x), 0.2μL of
10μg/μL Acetylated BSA and made to the final volume with deionised PCR grade water.



The reactions were incubated for 1.5 hr at 37 ºC.



9μL of digested reaction and 1μL of bromophenol blue were separated by
electrophoresis in 1% agarose gels and visualised on a Dark Reader® DR-88M
transilluminator (Clare Chemical Research, US).

3.2.9 Clones stored as glycerol stocks
Clones with the correct insert size and sequences were stored as glycerol stocks at -80ºC. The
procedure was as follows:


500μL of overnight culture were added to 250μL of 100% Glycerol and 250μL of
deionised PCR grade water to make 50% glycerol.



The solution was left at room temperature for 30 min to ensure the cells absorbed the
glycerol.



Glycerol treated clones were dropped into liquid nitrogen to cool rapidly.



Glycerol stocks were stored at -80ºC for future use.

3.2.10 Plasmid DNA and PCR product sequencing
Nematode ITS regions were either sequenced directly from PCR amplicons or from cloned
amplicons. Before sequencing the products, plasmids were extracted using PureLinkTM Quick
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Plasmid Miniprep Kit or Wizard® Plus SV Minipreps DNA Purification System. A Nanodrop
Spectrophotometer was used to quantify the purified solutions.
Reactions for sequencing were diluted to 1/4 or 1/8 from the ½ reaction described below. The
amount of PCR product template or plasmid used was constant, although, the amount of dye
terminator used was reduced accordingly with dilution. For example, for ¼ reactions, 2μL of
Big Dye v3.1 was added with 1μL of 5X BigDye Terminator sequencing buffers (Applied
Biosystems, USA) and for 1/8 reactions, 1μL of Big Dye v3.1 was added with 1.5μL of 5X
sequencing buffers.
For half sequencing reactions, 150ng-300ng of plasmid DNA (5-20ng of PCR product) was
added with 4μL of Big Dye (Applied Biosystems, version 3.1) dye terminator mix and of
3.2pmoles of primer (Table 3). The remaining volume of the total reaction of 10μL was made
by adding deionised PCR grade water. The programme for the sequencing reactions was 96ºC
for 2 min, followed by 25 cycles of 96ºC for 10 sec, 55ºC for 5 sec and 60ºC for 4 min. The
reactions were held at 14ºC.

Sequencing reactions were cleaned using the following ethanol procedure as described below:


Add 1μL of 3M NaAc (pH5.2), 1μL of 125mM Na2EDTA and 25μL 100% ethanol to
the sequencing reaction.



Precipitate DNA at room temperature for 20 min.



Centrifuge at 20,800 x g for 30 min.



Discard supernatant and rinse pellet with 125μL of 70% ethanol.



Centrifuge at 20,800 x g for 5 min.



Remove supernatant and allow remaining ethanol to evaporate for 5 min at room
temperature.



Reactions were kept at -20ºC for sequencing.

Sequencing was done at the WA State Agriculture Biotechnology Centre (SABC) sequencing
facility on an ABI 3730 96 capillary machine (Applied Biosystems). For plasmid sequencing,
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the primers used were T7 and SP6 universal primers (Table 4), and for direct sequencing,
primers used were those used in PCR reaction (Table 3). Sequencing of DNA templates was
done in both directions in all cases to ensure the accuracy of the sequence.
3.2.11 Sequence analysis
ITS sequences used for comparisons were chosen from GenBank database (NCBI) based on the
length and identity of the sequence. Sequences that were shorter than the targeted region were
not used in analysis of data (Appendix 1). All sequences were edited to the same length before
comparing. Insertion/deletions of (indels) within the target region were analysed.
3.2.12 Alignments of sequences
Alignment of nematode ITS regions was undertaken to identify sequence differences between
nematode species. Five clones were picked from the population of clones and sequenced.
Although there were some sequencing errors (0.6-0.8%), (an example is presented in Appendix
2) a consensus sequences was established using the sequences of the five clones before
comparing that sequence with the ITS sequences retrieved from NCBI database.
BioEdit alignments
Multiple nucleotide sequence alignments were processed using the BioEdit programme
(http://www.mbio.ncsu.edu/bioedit/bioedit.htmL, version 7.0.5). ClustalW multiple alignments
were run using default parameters (Neighbour-Joining (NJ) trees were run using 1,000
bootstraps). Sequences were edited so that they were all of the same length, which was
determined by the shortest length of sequence available.
Molecular Evolutionary Genetics Analysis (MEGA) alignments
The programme MEGA (www.megasoftware.net, version 4.0) uses ClustalW for sequence
alignments. The parameters for nucleotide sequencing were default parameters (Gap opening
Penalty of 15 and Gap Extension Penalty of 6.66 for both pairwise and multiple sequence
parameters set at: Gap opening Penalty of 10 and Gap Extension Penalty of 0.2). Sequence
alignments were verified by manual adjustment. Genetic variation for each species was
calculated using p-distance model.
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3.2.13 Phylogenetic analyses
The MEGA software (www.megasoftware.net, version 4.0) described above was used to align
the sequences generated in this study and those previously available. Alignments were done
using ClustalW and the phylogenetic trees were constructed using Neighbour Joining (NJ),
Minimum evolutions (ME) and maximum parsimony (MP) models. However, both ME and MP
trees were essentially the same as the NJ tree, and so only the NJ tree is presented. Default
parameters were set and showed congruent trees (data not shown for MP and ME trees). In this
Chapter, bootstrapped Neighbour joining trees are presented using nucleotide sequences, the
Kimura 2-parameter model was used in this analysis with 1,000 re-samplings of alignments.
Each nematode genus (Pratylenchus, Heterodera and Globodera) was analysed separately. The
Pratylenchus tree included P. bolivianus, P. neglectus, P. penetrans, P. thornei and P. zeae. The
Heterodera tree included H. avenae, H. glycines and H. schachtii, and for Globodera, species
analysed were G. pallida and G. rostochiensis. The phylogenetic trees were rooted with an
outgroup sequence close to the genus for cyst nematodes. However, for RLNs, this outgroup
was chosen because RKN has been well studied and many sequences were available. The
outgroup for Pratylenchus tree was M. incognita; for Heterodera, the outgroup was Globodera
spp. (G. rostochiensis and G. pallida) and vice versa.
An additional tree for the cereal cyst nematode group of H. avenae, H. latipons and H. filipjevi
was constructed using available sequences since H. latipons and H. filipjevi are not present in
Australia. This additional tree was constructed to illustrate the phylogenetic relationship
between CCNs.
3.2.14 Sequence identity matrix
The

ITS

sequences

of

the

phyto-nematodes

were

aligned

using

BioEdit

(http://www.mbio.ncsu.edu/bioedit/bioedit.htmL, version 7.0.5) and processed using the
sequence identity matrix function to compare the same sequences for each population.
Consensus sequences were generated to establish a sequence identity matrix. Because of the
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large amount of sequence data generated in this study and available in the NCBI database, only
the range of percentage similarity is provided in the results.

3.3 Results: DNA based diagnostic studies
In this work a comparative analysis of Pratylenchus spp., Heterodera and Globodera spp.
relevant to Australian agriculture was undertaken. ITS regions and D3A and D3B regions were
amplified by PCR (Figure 12), cloned and sequenced. From these data, the relatedness of the
sequences was determined (Figures 13-16). For Pratylenchus spp. the ITS sequences were
edited to 730bp. Heterodera and Globodera spp. sequences were edited to 980bp and 987bp
respectively. This ensured that only equivalent datasets were compared.
Amplification of ITS regions of plant-parasitic nematodes
The ITS regions of populations of both root lesion and cyst nematodes were amplified by PCR.
Amplified products were obtained for all populations used in this study (Figure 12). The
amplicons produced were approximately 700bp-1000bp in size, and were of the expected sizes,
but some extraneous bands sometimes appeared, e.g. lanes 9, 17 and 18. Only bands of the
correct size (700-1000bp) were excised and cloned or sequenced directly. Although Lane 1 and
2 are the same putative species, there might be a difference in quality of DNA template used
resulting in different amounts of PCR products.

Figure 12: Amplicons of ITS regions of plant-parasitic nematode populations showing bands of the
expected sizes (700bp - 1kb). 10μL of 100bp molecular weight marker (Axygen Biosciences,
Australia) were used (M). Lane 1, P. neglectus (131); Lane 2, P. neglectus (264); Lane 3, P.
penetrans (642); Lane 4, P. penetrans (Narrogin); Lane 5, P. thornei (Vic 33); Lane 6, P. zeae
(Queensland/Australia); Lane 7, Negative control for root lesion nematode; Lane 8, H. schachtii
(Cara 1); Lane 9, H. schachtii (Cara 2); Lane 10, H. schachtii (’97); Lane 11, H. schachtii (Austria);
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Lane 12, H. avenae (Northam); Lane 13, H. avenae (Geraldton); Lane 14, H. avenae ( Dongara);
Lane 15, H. glycines (Japan); Lane 16, G. rostochiensis (Japan); Lane 17, G. rostochiensis (New
Zealand); Lane 18, G. pallida (New Zealand); Lane 19, Negative control for cyst nematodes.

Relatedness of root lesion nematodes
The ITS sequences generated for Pratylenchus species were compared with available
homologous sequences from the NCBI database, and together with sequences from NCBI they
were used to construct an identity matrix. Consensus sequences from database sequences for
each species were generated as a means of comparing the overall sequences of ITS regions of
the same Pratylenchus species that have been reported in other studies. The Australian
Pratylenchus species showed similarity in ITS sequences between species, which varied from
53%-60% (Table 5). When the isolates of each RLN species (P. neglectus, P. penetrans, P.
thornei and P. zeae) obtained in this study were compared with all the sequences for the same
species present on the NCBI database, in each case the results obtained here differed from those
in the NCBI database by 2-8%. Because there were few ITS sequences on NCBI, the ITS
sequences obtained for P. zeae could not be compared with published sequences.
One result was that Australian populations of the same species are more closely related than
sequences from other countries. For example, for P. penetrans (642) and P. penetrans
(Narrogin), both from WA, the similarity in identity between sequences was 99% (Table 5).
When compared, the ITS sequences of P. penetrans populations from NCBI and the Australian
populations (642 and Narrogin), the genetic identities were 93%-99% (data not shown).
Similarly, for P. neglectus (131) and P. neglectus (264), also from WA, the similarity in
sequence identity was 97% (Table 5) while the worldwide genetic diversity of different ITS
sequences of P. neglectus from NCBI compared to the Australian population (131 and 264) is
between 92%-96% (data not shown). For P. thornei, the identity between worldwide
populations and the Australia population (Vic3) is 93%-97%.
From the ITS sequences generated and using published data, the difference between ITS
sequences of different Pratylenchus spp. can be up to 50%. This is a remarkably large variation
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in ITS sequence. From the results (Figure 13), it appears that the ITS regions of P. zeae is
relatively closely related to P. bolivianus with an ITS sequence similarity of 81%.
Based on the data in Table 5, the next most closely related species are P. penetrans and P.
neglectus with ITS sequence similarity of 60%. This result indicates that P. penetrans (Narrogin
and 642) is less closely related to P. thornei (Vic 33) with a similarity of 59%. With P. thornei
(Vic33) and P. neglectus (131 and 264) the similarity is about 58%. Within RLNs, it is notable
that the percentage identity in ITS sequences is much lower than between CNs (Table 6-8).
For Pratylenchus spp. (Figure 13), the phylogenetic tree indicates two clades of Pratylenchus
populations: clade 1 consists of P. bolivianus, P. zeae, P. thornei and P. neglectus, while clade 2
consists of P. penetrans, with M. incognita as the outgroup. Within clade 1, three sub-groups
were identified: sub-group A; P. zeae and P. bolivianus, sub-group B; P. neglectus and subgroup C; P. penetrans. Phylogenetic results for Pratylenchus spp. were analysed using other
phylogenetic tress (Minimum evolutions/ME and maximum parsimony/MP) and all trees
generated similar results (data not shown).
Based on the results shown in Figure 13, populations of the species P. bolivianus and P. zeae
typically clustered together, with populations from the same country being most closely related.
The results showed that in clade 1, sub-group A, P. bolivianus and P. zeae sequences from the
UK and Australia were clustered. As for clade 1, sub-group C, P. neglectus originated from the
USA, Italy and Australia. For sub-group B from clade 1, P. thornei populations mainly
originated from the USA, Spain and Australia. In clade 2, P. penetrans populations were mainly
from Europe (Switzerland, Belgium, Spain and France), the USA and Australia.

In contrast, populations of P. penetrans did not cluster on the basis of country of origin. In the P.
thornei clade, Australian P. thornei (Vic33) populations appear to be less closely related to the
populations from Spain (FJ713002-FJ713006) and from the USA (FJ717820 and FJ717821). P.
neglectus populations from the Italy (FJ712952-FJ712956) and one population from USA
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(FJ717818) are more closely related to populations from Australia (131 and 264) as compared
with FJ717819 from USA.
Table 5: Sequence Identity Matrix (% identity) generated from the Australian Pratylenchus species
used in this study.

P. neglectus,
(131)
P. neglectus,
(264)
P. penetrans,
(642)
P. penetrans,
(Narrogin)
P. thornei,
(Vic33)
P. zeae
(Aus/QLD)

P.
neglectus,
Aus (131)
100

P.
neglectus,
(264)

P.
penetrans,
(642)

P.
penetrans,
(Narrogin)

P.
thornei,
(Vic33)

97

100

60

60

100

60

60

99

100

58

58

59

59

100

53

53

59

58

53

P. zeae
(Aus/QLD)

100
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Figure 13: Phylogenetic tree based on ITS sequences of Pratylenchus spp. with M. incognita as
outgroup. Isolates with red arrows are the samples used in this study.
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Relatedness of the cyst nematodes H. schachtii, H. glycines and H. avenae
The ITS sequences of CNs generated here were compared with published sequences. An
overview of these results for H. schachtii, H. glycines and H. avenae are provided in the identity
matrix in Table 6.
Comparing the ITS sequences of the Austrian and Australian populations of H. schachtii, the
Austrian population has 99% identity to to Carabooda (Cara 1 and 2) and ’97 population (Table
6). Populations from Carabooda (Cara 1 and 2) were collected from two different sites at
Carabooda, north of Perth, and the ITS sequences were 99% similar. The population from
Baldivis (’97), which is south of Perth and this is 100% similar to Carabooda (Cara 1) and 99%
to Carabooda (Cara 2) (Table 6).
The Australian H. avenae populations were closely related with sequence similarity of 99%
(Dongara and Northam) to 100% (Geraldton and Northam; Dongara and Geraldton). The
similarity between H. schachtii populations was between 99% (Cara 1 and Cara 2; ’97 and Cara
2) to 100% (Cara 1 and ’97) (Table 6).
When data of sequences on NCBI are included, plus data for H. filipjevi and H. latipons, the
data presented in Table 7 clearly show that H. glycines is much more closely related to H.
schachtii than to H. avenae. The overall sequence similarity of H. glycines (SCN Jap) to H.
schachtii (Cara 1, Cara 2, ’97 and Austria) is between 97%-98% compared with H. avenae
where the similarity is between 76%-77%. This result is also supported by phylogenetic tree in
which both H. glycines and H. schachtii share the same branch (Figure 14).
In the phylogenetic tree for the Heterodera spp. studied (Figure 14), the results indicate the
presence of three clades: clade 1 consists of H. schachtii with five sub-groups (A-E), clade 2
consists of H. glycines, clade 3 consists of H. avenae and two sub-groups (A and B) with
Globodera spp. used as outgroup. The H. glycines populations (clade 2) fall under the same
branch as H. schachtii sub-group (E), which indicates that H. glycines is more closely related to
the H. schachtii sub-group (E) than (A-D).
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The Australian H. schachtii populations (’97, Cara 1 and Cara 2) appear in sub-groups B and C,
with two other Australian populations from NCBI (EF611113-4) clustered under sub-group A.
However, one Australian population (EF611119) obtained from the NCBI database, clusters
with sub-group E (Figure 14). The similarity between populations used in this study (’97, Cara 1
and Cara 2) and those obtained from NCBI (EF611119, EF611109 and EF61110) was 98%99%. The Austrian population analysed here is also in sub-group B (Figure 14) and closely
related in ITS sequence with 99% similar to two Belgium populations (EF611109-EF61110),
obtained from the NCBI database.
Relatedness of cereal cyst nematodes
Comparing the sequence similarity matrix of different species of cereal cyst nematode (data not
presented), the similarity between H. avenae and H. filipjevi ranges from 94%-96% compared
with H. avenae and H. latipons, where the similarity is between 86%-88%. The similarity
between H. latipons and H. filipjevi, it is between 87%-88%. On average, comparing the
sequences for cereal cyst nematodes (H. avenae, H. latipons and H. filipjevi), the similarity
ranged between 86%-96%. These results are supported by the phylogenetic tree for cereal cyst
nematodes (Figure 15), and shows H. avenae which is in clade 1, shares the same branch as H.
filipjevi (clade 2). In contrast H. latipons (clade 3), a species of cereal cyst nematode located
mainly in the Mediterranean region, is the least closely related species to H. avenae.
The H. avenae group (clade 3), appears to be composed of sub-group (A) which consists of
European populations, and sub-group B which includes the Chinese populations (Figure 14).
However, the Indian population (AF274397) appears to fall under the European sub-group (A).
Regarding the Australian H. avenae populations (Northam, Geraldton and Dongara), these
populations fall under sub-group B and appear to be more similar to the Chinese populations
(sub-group B) than to the European populations (sub-group A) (Figure 14).
Similarly, H. filipjevi group (clade 2), also appears to be divided into two sub-groups; A and B
(Figure 15). Sub-group (A) consists of populations from Iran, UK, Russia, Germany and
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Tajikistan, whilst sub-group B consists of populations from the USA, China, Italy, Turkey and
Spain.
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Table 6: Sequence Identity Matrix (% identity) generated from the Heterodera species (H. schachtii, H. avenae and H. glycines) available for this study.

H. schachtii
Aus/WA
(Cara 1)
H. schachtii
Aus/WA
(Cara 2)
H. schachtii
Aus/WA (‘97)
H. schachtii
Austria
(Austria)
H. avenae
Aus/WA
(Northam)
H. avenae
Aus/WA
(Geraldton)
H. avenae
Aus/WA
(Dongara)
H. glycines
Japan
(SCN Jap)

H. schachtii
Aus/WA
(Cara 1)
100

H. schachtii
Aus/WA
(Cara 2)

H. schachtii
Aus/WA
(‘97)

H. schachtii
Austria
(Austria)

H. avenae
Aus/WA
(Northam)

H. avenae
Aus/WA
(Geraldton)

H. avenae
Aus/WA
(Dongara)

99

100

100

99

99

99

99

100

77

77

77

77

100

78

77

78

77

100

100

77

77

77

77

99

100

100

98

98

98

97

77

77

77

H. glycines
Japan
(SCN Jap)

100

100
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Figure 14: Phylogenetic tree based on ITS sequences of Heterodera species with Globodera species as outgroup. Isolates with red arrows are the samples used in this
study.
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Figure 15: Phylogenetic tree based on ITS sequences of the cereal cyst nematodes H. avenae, H.
filipjevi and H. latipons. Isolates with red arrows are the samples used in this study.
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Relatedness of potato cyst nematodes
The ITS sequences for PCNs used in this study were compared (Table 7). ITS sequence identity
(Table 7) of G. rostochiensis populations collected from Japan (Ro Jap) and New Zealand (Ro
Nz) was 98%. However, the overall genetic identity of G. rostochiensis populations is between
97%-100% (data not shown). Comparing populations from New Zealand, G. rostochiensis (Ro
Nz) and G. pallida (Pa Nz) the ITS sequence similarity is 95%. However, between G. pallida
(Pa Nz) and G. rostochiensis (Ro Jap), the similarity increased to 97%. Comparing the ITS
sequences generated here and those available on NCBI, there is a similarity of 93%-98%
between G. rostochiensis and G. pallida (data not shown).
The composite phylogenetic tree for Globodera spp. (Figure 16) shows two clades; clade 1
consists of G. rostochiensis with eight sub-groups (A-H), clade 2 consists of G. pallida with six
sub-groups (A-F) and H. schachtii, H. avenae and H. glycines as outgroup: there is a clear
separation between G. rostochiensis and G. pallida.
The G. rostochiensis population collected from Japan (Ro Jap) falls under sub-group C appears
to be more closely related to the populations from Victoria (Australia), which falls under subgroup A and B branching out from C. The population from New Zealand (Ro Nz), falls under
sub-group F and appears to be more closely related to the Canadian populations (Figure 16). For
G. pallida, the population from New Zealand (Pa Nz and EF622533) falls under sub-group F of
Clade 2 is closely related to population from Canada and the USA (Figure 16).
Table 7: Sequence identity matrix (% identity) generated from Globodera spp. used in this study.

G. rostochiensis
(Ro Nz)
G. rostochiensis
(Ro Nz)
G. rostochiensis
(Ro Jap)
G. pallida
(Pa Nz)

G. rostochiensis
(Ro Jap)

G. pallida
(Pa Nz)

100
98

100

95

97

100
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Figure 16: Phylogenetic tree based on ITS sequences of Globodera species and Heterodera species as outgroup. Isolates with red arrows are the samples used in this
study.
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3.4 Discussion
When ITS sequences are compared between different Pratylenchus spp., there is a remarkably
large difference in ITS sequences between the species. These contrast with the cyst nematodes,
for which ITS sequences are much more closely related. In both cases, there is adequate
sequence variation in ITS sequence to design species-specific primers and to develop diagnostic
PCR tests to identify each species (Chapters 6 and 7).
The substantial sequence variations within Pratylenchus spp. are evident in Table 5. The results
generated here are in agreement with previous studies which show intra-species ITS sequence
variation within Pratylenchidae. Percentage intra-species ITS sequence variation between P.
araucensis and P. lentis was 55-70% (Múnera, Bert, and Decraemer 2009; Troccoli et al. 2008).
An interesting aspect is that the population ‘P. zeae’ from Queensland, originally isolated from
sugarcane, was identified as P. zeae (Jennifer Cobon, per. comm.). This population was also
identified by nematode taxonomist Dr Jackie Nobbs (SARDI) as P. zeae, based on the
measurements of body length, vulva position and length of stylet. The ITS region was
sequenced for this population, and the D3A and D3B region was used to further confirm the
authenticity of this population. Based on the sequence of the ITS region of this population, the
closest species hit on the NCBI database was with P. bolivianus. The phylogenetic tree (Figure
13) constructed with available sequences from NCBI indicates that the Queensland P. zeae
population appears to fall under the same sub-group as that of P. bolivianus from the United
Kingdom. In this case, there may have been misidentification of the Pratylenchus species as P.
bolivianus used to obtain the sequence data on the NCBI database. This observation indicates
that a degree of caution is required in molecular diagnostic of Pratylenchus spp., and sequence
data must be based on sound classical taxonomic identification (Hodda and Nobbs 2008).
As indicated, one issue of using database sequence information is that the data assumes correct
taxonomic identification of the original nematode sample. In this work, two sequences from
NCBI database, P. penetrans (FJ79917) and P. zeae (FJ643590) originating from Taiwan were
compared (data not included). When compared to the current data for (P. penetrans and P. zeae)
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and other sequences from NCBI, there were major differences. As a result, the sequences from
Taiwan were excluded from the analysis because the nematode specimens might well have been
misidentified, or the sequenced information might not be accurate due to additional nucleotides
or deletion of nucleotides in conserved regions. An additional issue was the limited sequence
data available on NCBI, for example for species such as P. zeae or P. bolivianus. Because there
is limited P. zeae ITS sequence data on the NCBI, for the sample available the D3A and D3B
sequence region was amplified and sequenced, and the sequence matches with an identity of
96%-98% to accession numbers EU130893-96, EU130889-90 and AF303950, which confirms
the authenticity of identifying this population as P. zeae.
Comparing the different populations of H. schachtii (’97, Carabooda 1, Carabooda 2 and
Austria), the Austrian population is closely related to all three Australian populations tested:
Carabooda 1 (99%), Carabooda 2 (99%) and ’97 (99%) populations. The ITS sequence
differences may be due to intraspecific variation within species from different origins (Table 6)
(Madani et al. 2004). The results also confirmed the close relationship between H. schachtii and
H. glycines. The ITS sequence similarity between these two species is 98%. Nevertheless, this
is adequate to differentiate these species by PCR. This is important from an Australian
perspective, in that H. glycines has not been found in Australia and so it is a potential
biosecurity pathogen, which could be identified if it were introduced into Australia.
The sequence identity matrix for H. avenae showed sequence similarity to H. schachtii between
76%-78% and for H. glycines, the similarity falls between 76%-77%. H. avenae is, therefore,
also well differentiated genetically from H. schachtii and H. glycines. This result is in
agreement with previous studies (Ferris, Ferris, and Faghini 1993).
For the cereal cyst nematodes (H. avenae, H. latipons and H. filipjevi) the similarity of ITS
sequences was from 86% to 96%. Although the species H. latipons and H. filipjevi are not
present in Australia, ITS sequence analysis would be sufficient to identify their presence if
introduced. It is perhaps surprising that the Australian H. avenae sequences are closer to those
from China than those from Europe, given the history of European colonisation of Australia.
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A G. pallida (EU517120) ITS sequence with an insertion of 22bp at 633-655bp obtained from
NCBI database was included in the study for comparison. Even though additional base pairs
from this sequence were removed, the selection of sequences used for comparison requires
careful judgment.
Although the overall ITS sequences for specific nematodes are relatively consistent, different
populations of the same species can show minor, but diagnostic, variations. For example, ITS
sequence of the Japanese G. rostochiensis population differed by 2% (Table 7) from the New
Zealand population: this may be a result of different routes of introduction of potato to Japan
and New Zealand. Globodera spp. which probably co-evolved with potato in the Andes, was
was introduced into Europe sometime after the first introductions of potato in the 1600s, and
then spread to different parts of the world. The spread of PCN to different parts of the world
probably enhanced ITS sequence divergence between populations with time and different
locations (Turner and Evans 1998).
Another aspect to consider is that some with sequence variation may be introduced by cloning
or the result of sequencing errors, such as not using proof-reading Taq polymerase. For example,
P. bolivianus sequences from NCBI are clones of a population and the genetic variation is up to
0.7% (FJ712892-96). In previous studies on Globodera spp., in clones from a single population,
the sequence divergence was as high as 2.8% (Skantar et al. 2011). Another reason for sequence
variation can also be human error while editing the sequence, when a base is not correctly called.
The work undertaken in this Chapter contains and extends previous work on the use of the
sequences of ITS genes to identify nematode species and populations, which is now well
documented and relatively robust. From this work, diagnostic tests can be used to identify new
incursions of biosecurity pathogens, such as the cereal cyst nematodes H. filipjevi and H.
latipons or the soybean cyst nematode (H. glycines). However, for other genera, such as the
Pratylenchidae, care should be taken to ensure that database sequences originate from correctly
identified specimens. Given that misidentified specimens can give rise to misidentification in
ITS sequences on databases, it would be useful to have available complementary diagnostic
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techniques. In the following Chapter, investigations were undertaken to use protein profiling by
mass spectroscopy to identify nematodes as such a complementary approach.
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Chapter 4: Identification of nematodes based on protein
extracts using MALDI-TOF MS

4.1 Introduction
Matrix Assisted Laser Desorption Ionisation-Time of Flight Mass Spectroscopy (MALDI-TOF
MS) was first described in 1988 (the approach is described in more detail in Section 1.5.3)
(Karas and Hillenkamp 1988; Tanaka et al. 1988). Nematode identification using this
technology is relatively new and there is great potential to apply this technique to a range of
pests of plant biosecurity concern. Because it is a new approach, MALDI-TOF MS has not been
used widely. Results from previous studies show that this technique has potential to be applied
in nematode diagnostics (Perera, Vanstone, and Jones 2005; Perera et al. 2009; Weller et al.
2000). The principle is to use mass spectroscopy to generate specific protein profiles, in which
diagnostic peaks of specific nematode species or populations can be generated, and
subsequently be used as biomarkers for that species or population.
Comparing traditional taxonomy based on nematode morphology and morphometrics, and DNA
analysis of the ITS sequences, MALDI-TOF MS can be used to generate reliable results in a
short time. Classical taxonomy requires considerable expertise and a longer time frame when
unknown exotic pests require identification. While DNA analysis making use of ITS sequences
is more rapid and there are now many diagnostic sequences available on the NCBI database,
time is needed for the extraction and sequencing of DNA. In addition, sequences uploaded to
the database are not officially verified so reliability of some sequences on the database might be
questioned.
The potential of applying MS to nematode diagnostics is relatively new and deserves to be
evaluated, and its potential usefulness assessed. As for advances in DNA sequencing
technologies, the power of MS has also advanced rapidly, especially in relation to analysis of
biological molecules. MALDI-TOF MS can now be fully-automated and can provide highly
cost effective rapid analysis. The aim of the work undertaken in this Chapter was to evaluate
and extend this alternative technology for analysis of nematodes of plant biosecurity concern.
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4.2 Materials and Methods
4.2.1 Protein extraction
Nematode samples used in this Chapter were collected from different locations in Australia
(Figure 11, Chapter 2). Extracted proteins of PCN (Japan) and SCN were obtained from Japan
and BCN from a population sourced from Austria (Table 2, Chapter 2). For cyst nematodes,
one mature cyst was used for each protein extraction. For root lesion nematodes, 1.5µL of
nematode pellet (ca 1500 nematodes) was used for the standard test (Table 2, Chapter 2) and
0.8µL of nematode pellet (ca 800 nematodes) was used for a blind test. Ethanol-soluble proteins
were extracted by grinding the nematodes with a micropestle for 5 min (Scientific Specialities
Incorporated, USA) in 20µL of 90% ethanol. The extract was incubated at room temperature for
20 min before centrifuging at 5,200 x g for 1 min. 15µL of supernatant was transferred into a
new 1.5mL Eppendorf tube and vacuum-dried in a Savant Speedvac concentrator (GMI,
Minneapolis, MN, USA).
4.2.2 Treatment with the matrix Sinapinic Acid (3, 5- Dimethoxy-4-hydroxycinnamic acid)
The dried protein extract was resuspended in a sinapinic acid (SA) matrix. The SA matrix
consisted of: 10mg/mL SA in 100µL/mL of 3% trifluoroacetic acid (TFA), 500µL/mL
acetonitrile and 400µL/mL of deionised double distilled water. The resuspended sample with
matrix was vortexed and 1.3µL of sample was spotted onto a MALDI-TOF Voyager DE Pro
100 sample size plate and air-dried. The spotting was repeated twice for each sample.
4.2.3 Settings for MALDI-TOF MS
Air-dried samples on a sample plate were loaded into an AB Voyager DE Pro MALDI-TOF
mass spectrometer (Applied Biosystems, USA). The analysis mode was set to linear and mass
spectra were collected automatically. The instrument was set as follows: 25kV acceleration
voltage; 0.01% guide wire voltage and 92% plate voltage, with 400ns delay time. Data were
collected from 8,000 – 20,000kDa low mass gates based on previous studies by Perera et al.
(2005a and 2009). The laser intensity was set at 1529 manually. Five spectra with 20 laser shots
per spectrum were collected for each spot.
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4.2.4 Optimisation of parameters, ‘blind’ and ‘mixed’ samples test
A series of requirements were set up to test the consistency, accuracy and sensitivity of
MALDI-TOF MS after protein profiles of each species or population were generated. The blind
test was done using four different species of Pratylenchus (P. neglectus, P. penetrans, P.
thornei and P. zeae), and samples were prepared by Ms Frances Brigg (SABC, Australia) and
Ms Helen Hunter (DAFWA). Eppendorf tubes with nematode samples were labelled A-D, and
were processed according to the standard protein extraction method.
A mixed species test was set up to detect the sensitivity of MALDI-TOF MS. The model species
used were P. penetrans and P. zeae. These species were used because there were distinct
differences in protein profiles between the two species. To investigate the sensitivity of
detection of nematodes in mixtures, a series with different percentage combinations of P.
penetrans:P. zeae were used (80%:20%, 60%:40%, 50%:50%, 40%:60% and 20%:80%). To
maximise the sensitivity of MALDI-TOF MS identification, an equal percentage of each species
(P. neglectus, P. penetrans and P. zeae, 33.33%:33.33%:33.33% respectively) were mixed and
processed. A total of 1µL of nematode pellet (ca 1000 nematodes) were used for each sample.
A population variation test was conducted using eight populations of H. avenae sent by Mr John
Lewis (SARDI), three populations from Western Australia (Northam, Geraldton and Dongara)
and an additional five populations from South Australia (Chapter 2, Table 2). A single mature
cyst from each population was used for each extract.
To test for any contribution of host plant proteins to spectra, negative controls using carrot and
wheat roots were also analysed. Wheat root samples were cut to the size of mature cyst (600µm)
and the carrot was cut into a sample slightly larger than a single J2 (500µm). A known standard
protein calibration containing three proteins (bovine insulin, thioredoxin from E. coli and
apomyoglobin from horse) of known m/z retention time from Sequazyme TM Peptide Mass
Standards Kit (PE Biosystems, Foster City, USA) was added to each negative control to
calibrate each analysis and check the accuracy of peaks generated in the experiments.
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4.2.5 Analysis of results using Data Explorer
Protein profiles were analysed using the Data Explorer software (Applied Biosystem, version
4.0.0.0). All profiles were processed by editing using the Noise Filter function to a correlation
factor of 1 with baseline correction.

4.3 Results: MALDI-TOF MS analysis of nematode proteins
Sample protein profiles of two cyst nematodes are presented in Figure 17, for H. schachtii and
H. glycines (with additional profiles for these and for other nematodes provided in Appendix 3).
The protein range used in this study was 8,000kDa to 20,000kDa. When negative controls from
extracts of pieces of carrot or wheat root were mixed with a known protein standard, no
significant peaks were generated from either the carrot tissue or wheat root controls, except for
the peaks of the added protein standards (Appendix 3). Therefore, host proteins do not
contribute to the spectra generated from nematode extracts.
Based on the spectra generated by MALDI-TOF MS analysis, a number of diagnostic peaks
were identified from extracts of cyst and root lesion nematodes. Results from the series of
protein profiles generated have been tabulated are divided into two parts, for root lesion
(Pratylenchus spp.) and cyst (Heterodera spp. and Globodera spp.) nematodes.
Protein profiles were generated for four species of RLNs (P. neglectus, P. penetrans, P. thornei
and P. zeae). In addition to analysing the four species, additional populations of both P.
neglectus and P. penetrans were also analysed. In total, six populations were studied.
Protein profiles of three species of CN were generated, for Heterodera (H. schachtii, H. avenae
and H. glycines) and one species of Globodera (G. rostochiensis). For H. schachtii, four
populations were used for the study. For H. avenae, eight populations were used, but only one
population of H. glycines and G. rostochiensis were used due to quarantine restrictions. In total,
fourteen populations of CNs were studied.
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Figure 17A and B: Sample protein profiles generated from MALDI-TOF MS. Protein size ranges
were from 8,000kDa to 20,000kDA. A: H. schachtii (Cara 2) B: H. glycines (Jap)
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4.3.1 Root lesion nematodes: intra and inter-species profiles
Results in this section are presented to analyse variation between different populations of two
RLN species (P. neglectus and P. penetrans), and then between different RLN species (P.
neglectus, P. penetrans, P. thornei and P. zeae).
A comparison of MALDI-TOF MS spectra of protein extracts of two P. neglectus populations
(131 and 264) allowed identification of five different diagnostic protein peaks that differentiated
between populations. These were peaks at m/s 9280 ±0.1%, 9398 ±0.1%, 11580 ±0.1%, 15356
±0.1% and 16927 ±0.1%. The masses of major protein peaks are provided in Table 8.
Table 8: Protein profiles between two P. neglectus populations. *Diagnostic peaks are highlighted.

kDa
8528 ±0.1%
9200 ±0.1%
9280 ±0.1%*
9398 ±0.1%*
10295 ±0.1%
11326 ±0.1%
11580 ±0.1%*
13459 ±0.1%
13604 ±0.1%
15356 ±0.1%*
15628 ±0.1%
16927 ±0.1%*
17155 ±0.1%
18384 ±0.1%
18957 ±0.1%
19056 ±0.1%

P. neglectus 131
+
+
+
+
+
+
+
+
+
+
+
+
+
+

P. neglectus 264
+
+
+
+
+
+
+
+
+
+
+
+
+

When the protein profiles of two populations of P. penetrans were compared (Table 9), in this
case there were no differences in major protein peaks.
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Table 9: Protein profiles of two P. penetrans populations.

kDa
8540 ±0.1%
9224 ±0.1%
9650 ±0.1%
10282 ±0.1%
10575 ±0.1%
11319 ±0.1%
12743 ±0.1%
13410 ±0.1%
14089 ±0.1%
15631 ±0.1%
16960 ±0.1%
19111 ±0.1%

P. penetrans 642
+
+
+
+
+
+
+
+
+
+
+
+

P. penetrans Narrogin
+
+
+
+
+
+
+
+
+
+
+
+

Four Pratylenchus species (P. neglectus, P. penetrans, P. thornei and P. zeae) were compared
for proteins in the range of 9,000kDa to 20,000kDa. Diagnostic peaks were identified for each
species, when the profiles of all four species were compared (Table 10). In addition, a
comparison of these data showed that there was a protein of m/z 11326±0.1% which was
common to all four species. This protein is, therefore, a biomarker for all four of these
Pratylenchus species.
The diagnostic peaks were, for P. neglectus four diagnostic peaks at: m/z 11580 ±0.1%, 13459
±0.1%, 13618 ±0.1% and 18975 ±0.1%. Four peaks were identified for P. penetrans: m/s 14089
±0.1%, 14259 ±0.1%, 16960 ±0.1% and 19111 ±0.1%. For the other two species (P. thornei and
P. zeae), a total of five diagnostic peaks were identified for each. The diagnostic protein peaks
for P. thornei were at: m/z 9404 ±0.1%, 11304 ±0.1%, 13353 ±0.1%, 18872 ±0.1% and 18947
±0.1%. For P. zeae, diagnostic peaks were identified at: m/z 11610 ±0.1%, 13792 ±0.1%, 15364
±0.1% and 15335 ±0.1% (Table 10).
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Table 10: Protein profiles of four Pratylenchus species. Shaded boxes represent the similarity and
differences between each species. Yellow represents a genus specific biomarker; Red represents P.
neglectus specific biomarkers; Orange represents P. penetrans specific biomarkers; Green
represents P. thornei specific biomarkers and; Blue represents P. zeae specific biomarkers.

kDa
9404 ±0.1%
11304 ±0.1%
11326 ±0.1%
11580 ±0.1%
11610 ±0.1%
13353 ±0.1%
13459 ±0.1%
13618 ±0.1%
13792 ±0.1%
14089 ±0.1%
14259 ±0.1%
15335 ±0.1%
15364 ±0.1%
16960 ±0.1%
18872 ±0.1%
18947 ±0.1%
18975 ±0.1%
19111 ±0.1%

P. neglectus
131
+
+
+
+
+
-

P. penetrans
642
+
+
+
+
+

P. thornei
Vic 33
+
+
+
+
+
+
-

P. zeae
+
+
+
+
+
-

4.3.1.1 Blind testing to exemplify diagnostic profiles
Two blind tests were undertaken in which samples of different nematodes were labelled
independently and provided for MALDI-TOF MS analysis. Eppendorf tubes with different
nematodes species (P. neglectus, P. penetrans, P. thornei and P. zeae) labelled A to D were
provided and protein profiles generated. The diagnostic protein peaks for each species used for
the identification are shown on Table 11. The peak of size 11326kDa was again common to all
these root lesion nematodes. All blind samples were correctly identified using specific
diagnostic peaks presented in Table 11.
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Table 11: Specific peaks used for differentiation between Pratylenchus species. Shaded boxes
represent the similarity and differences between each species. Yellow represents a genus specific
biomarker; Red represents P. neglectus specific biomarkers; Orange represents P. penetrans
specific biomarkers; Green represents P. thornei specific biomarkers and; Blue represents P. zeae
specific biomarkers.

kDa
9404 ±0.1%
11304 ±0.1%
11326 ±0.1%
11580 ±0.1%
11610 ±0.1%
13353 ±0.1%
13459 ±0.1%
13618 ±0.1%
13792 ±0.1%
14089 ±0.1%
14259 ±0.1%
15335 ±0.1%
15364 ±0.1%
16960 ±0.1%
18872 ±0.1%
18947 ±0.1%
18975 ±0.1%
19111 ±0.1%

Blind sample
1
+
+
+
+
+
-

Blind sample
2
+
+
+
+
+

Blind sample
3
+
+
+
+
+
+
-

Blind sample
4
+
+
+
+
+
-

4.3.1.2 Mixed species test using root lesion nematodes
The results presented in this section are an analysis of protein peaks in samples from mixed
species. Two species of RLNs (P. penetrans and P. zeae) in different percentage mixtures were
used. The mixed species test was undertaken to evaluate how well mixed samples could be
analysed when different percentages of the species are present.
The results showed that in all different percentage combinations, a standard RLN peak at
11326kDa was always present. This was consistent in all the samples with different percentage
mixtures. For the mixture of 80% of P. penetrans and 20% of P. zeae, all three specific P.
penetrans diagnostic peaks were identified with an exception of 16960kDa which was not
distinct. A similar results was obtained for P. zeae, when all peaks were present except
15335kDa (Table 12). However, enough distinct diagnostic peaks were present to make species
identifications.
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In the sample with 60% of P. penetrans and 40% of P. zeae, two species specific peaks to P.
penetrans were identified at 14089kDa and 19111kDa. However, the other two peaks at
14259kDa and 16960 kDa were not distinct. Interestingly, for P. zeae, out of four diagnostic
peaks, three peaks were identified, but 15335kDa was not distinct in this combination (Table
12).
When extracts of both species were present in equal amounts in the sample, three peaks for P.
penetrans at 14089kDa, 14259kDa and 19111kDa were identified while one peak at 16960kDa
was not distinct. As for P. zeae, out of the four diagnostic peaks, two peaks at 13792kDa and
15364kDa were not distinct in this equal percentage mix (Table 12).
Interestingly, for a percentage of 40%:60% of extracts from P. penetrans and P. zeae samples,
one diagnostic peak at 14089kDa was identified for P. penetrans, but not peaks at 14259kDa,
16960kDa and 19111kDa. This was the same for P. zeae, for which the 13792kDa peak was
identified, but the other three diagnostic peaks at 11610kDa, 15335kDa and 15364kDa were not
distinct (Table 12).
For samples of P. penetrans at 20% and 80% for P. zeae, out of four specific peaks, two
specific peaks for P. penetrans at 14259kDa and 16960kDa were not distinct. This was also the
case for P. zeae, where out of four peaks, 13792kDa and 15364kDa were not distinct in this
mixture (Table 12).
Samples containing equal amounts of P. neglectus, P. penetrans and P. zeae were then analysed.
Out of the four P. neglectus specific peaks, only the 18975kDa was clear, whilst peaks at
11580kDa, 13459kDa and 13618kDa were not as clear. Interestingly, three out of the four P.
penetrans diagnostic peaks at 14089kDa, 16960kDa and 19111kDa were clearly present;
14259kDa being less clear than the previous three peaks. As for P. zeae, two diagnostic peaks at
15335kDa and 15364kDa were distinct with the other two peaks at 11610kDa and 13792kDa
being less clear (Table 13).
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Table 12: Protein peaks generated by MALDI-TOF MS analysis, present in different combinations of P. penetrans and P. zeae mixtures. * represent a peak that
was not distinct. Yellow represents common peak for RLN, Orange represents diagnostic peaks for P. penetrans and Blue represents diagnostic peaks for P. zeae.

kDa

P. penetrans 642 : P. zeae
80% : 20%

11326 ±0.1%
11610 ±0.1%
13792 ±0.1%
14089 ±0.1%
14259 ±0.1%
15335 ±0.1%
15364 ±0.1%
16960 ±0.1%
19111 ±0.1%

+
+
+
*
+

+
+
+
*
+
-

60% : 40%

+
+
*
*
+

50% : 50%

+
+
+
*
+
-

+
+
+
*
+

40% : 60%

+
+
*
+
*
-

+
+
*
*
*

20% : 80%

+
*
+
*
*
-

+
+
*
*
+

+
+
*
+
*
-
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Table 13: Specific peaks present in 1:1:1 mixtures of P. neglectus, P. penetrans and P. zeae. * represents a peak that is not distinct. Yellow represents common peak
for RLN, Red represents diagnostic peaks for P. neglectus, Orange represents diagnostic peaks for P. penetrans and Blue represents diagnostic peaks for P. zeae.

kDa
11326 ±0.1%
11580 ±0.1%
11610 ±0.1%
13459 ±0.1%
13618 ±0.1%
13792 ±0.1%
14089 ±0.1%
14259 ±0.1%
15335 ±0.1%
15364 ±0.1%
16960 ±0.1%
18975 ±0.1%
19111 ±0.1%

P. neglectus 131
33.3%
+
*
*
*
+
-

P. penetrans 642
33.3%
+
+
*
+
+

P. zeae
33.3%
+
*
*
+
+
-
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4.3.2 Protein profiles of cyst nematodes
Beet cyst nematodes (H. schachtii)
The BCN populations analysed were from Carabooda (Cara 1, Cara 2) and Baldivis (’97) from
WA, and the European population obtained from Austria.
The protein profiles generated for the two populations from Carabooda were identical, but there
were differences in the profiles when compared to the BCN population from Baldivis and from
Austria (Table 14).
Protein peaks present only in the Carabooda populations (1 and 2) were at m/z 15941 ±0.1%
and 16263 ±0.1%. This peak was not present in spectra of the ’97 and Austria populations.
Peaks specific to both of the other two populations were also identified at m/z 9940 ±0.1% and
15988 ±0.1%, which were not present in Carabooda populations (Table 14).
At m/z 9025±0.1%, there was a peak present only in the Austria population, but absent from the
Carabooda and ’97 populations. Apart from this specific peak for the Austria population, a
common peak at m/z 9940±0.1% was identified for ’97 and Austria population, which was not
present in that from Carabooda. Similarly, at m/z 10185±0.1%, a common peak was identified
for Carabooda and Austria populations, but not the ’97 population. A common peak for the
Carabooda and ’97 populations was also identified at m/z 9500±0.1% which was absent from
the Austria population.
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Table 14: Protein profiles of H. schachtii populations. Boxes shaded with blue are the speciesspecific peaks for H. schachtii, and yellow represents peaks that were either similar or different
between each population.

kDa
8073 ±0.1%
8765 ±0.1%
8796 ±0.1%
9025 ±0.1%
9500 ±0.1%
9659 ±0.1%
9940 ±0.1%
9980 ±0.1%
10185 ±0.1%
10559 ±0.1%
11184 ±0.1%
11358 ±0.1%
11980 ±0.1%
12668 ±0.1%
13080 ±0.1%
13298 ±0.1%
13560 ±0.1%
13705 ±0.1%
15941 ±0.1%
15988 ±0.1%
16263 ±0.1%
16790 ±0.1%
18009 ±0.1%
18440 ±0.1%
18872 ±0.1%
19076 ±0.1%
19312 ±0.1%

H. schachtii
Carabooda 1
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

H. schachtii
Carabooda 2
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

H. schachtii
‘97
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

H. schachtii
Austria
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Cereal cyst nematode (H. avenae)
A summary of the protein profiles obtained for eight populations of H. avenae is provided in
Table 15. All of the populations of H. avenae, either from WA or SA, gave identical protein
profiles. This indicates a much more uniform population than for H. schachtii. The m/z ratios of
the major protein peaks found are presented in Table 15.
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Table 15: Protein peaks in extracts from eight H. avenae populations. Boxes highlighted yellow represent diagnostic specific peaks for H. avenae. Yellow represents
species-specific peaks used for comparison with other cyst nematode species.

kDa
8533 ±0.1%
8853 ±0.1%
9640 ±0.1%
9859 ±0.1%
9934 ±0.1%
11359 ±0.1%
12664 ±0.1%
13484 ±0.1%
13877 ±0.1%
14638 ±0.1%
15988 ±0.1%
16211 ±0.1%
16704 ±0.1%
18765 ±0.1%
19159 ±0.1%

WA
Northam
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

WA
Geraldton
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

WA
Dongara
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

SA
Schooner
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

SA
Warnertown
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

SA
Melton
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

SA
Kilerran
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

SA
Wyalkatchem
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
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Soybean cyst nematode (H. glycines)
A population of SCN was collected in Japan, and the proteins extracted and analysed in Perth.
Protein profiles of this SCN population are provided in Appendix 3. Five protein peaks were
identified that were only present in this population compared to other cyst nematodes studied.
(Table 16).
Potato cyst nematode (G. rostochiensis)
A population of PCN was collected in Japan and the proteins extracted and analysed in Perth.
The protein profile is provided in Appendix 3. Four species specific peaks were identified in
this population which were only present in PCN and not other cyst nematodes studied shown in
Table 16.
Comparison of protein profiles of four different species of cyst nematodes
In comparing the profiles generated from different cyst nematode species, the four unique H.
schachtii diagnostic peaks were at m/z 8765 ±0.1%, 9025 ±0.1%, 9940 ±0.1% and 13705 ±0.1%.
For H. avenae, the four diagnostic peaks identified were at m/z 13484 ±0.1%, 13882 ±0.1%,
16211 ±0.1% and 19167 ±0.1%. Five diagnostic peaks were identified for H. glycines at m/z
8670 ±0.1%, 9624 ±0.1%, 13698 ±0.1%, 15695 ±0.1% and 18901 ±0.1%. Four peaks were
identified for G. rostochiensis; m/z 9169 ±0.1%, 13467 ±0.1%, 13949 ±0.1% and 16800 ±0.1%
(Table 16).
In addition to unique protein peaks, H. schachtii and H. glycines had two common peaks at m/z
13080 ±0.1% and 19327 ±0.1%. Similarly, H. schachtii and H. avenae exhibited a common
peak at m/z 15988±0.1%. Within the Heterodera genus, (H. schachtii, H. avenae and H.
glycines), two diagnostic peaks were identified at m/z 11358 ±0.1% and 12668 ±0.1% which
were absent in the G. rostochiensis profiles (Table 16).
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Table 16: Differences in diagnostic peaks between cyst nematodes (Heterodera and Globodera spp.).
Yellow represents genus specific peak; Blue represents common peak for H. schachtii and H.
glycines and; Green represents common peak for H. schachtii and H. avenae.

kDa
8670 ±0.1%
8765 ±0.1%
9025 ±0.1%
9169 ±0.1%
9624 ±0.1%
9940 ±0.1%
11358 ±0.1%
12668 ±0.1%
13080 ±0.1%
13467 ±0.1%
13484 ±0.1%
13698 ±0.1%
13705 ±0.1%
13882 ±0.1%
13949 ±0.1%
15695 ±0.1%
15988 ±0.1%
16211 ±0.1%
16800 ±0.1%
17764 ±0.1%
18901 ±0.1%
19327 ±0.1%
19167 ±0.1%

H.schachtii
Austria
+
+
+
+
+
+
+
+
+
-

H. avenae
Geraldton
+
+
+
+
+
+
+

H. glycines
Japan
+
+
+
+
+
+
+
+
+
-

G. rostochiensis
Japan
+
+
+
+
-

4.4 Discussion
Overall the results show that protein profiling of nematode extracts using MALDI-TOF MS is a
powerful tool that can be used both to identify protein biomarkers that are common to a specific
species or population of that species, and also such biomarkers can be used to identify different
nematode species. From control experiments, it was clear that the protein profiles and diagnostic
biomarkers generated were not influenced by any host plant proteins, or indeed any host plant
protein ingested by nematodes. It is also the case that any contaminating host tissue does not
generate any protein peaks (Appendix 3). This is probably because the concentration of proteins
in plant tissues is much lower than that in nematodes. The nematode proteins are present in
extracts at concentrations very much higher than that of any contaminating plant proteins, and
hence, do not influence nematode identification. This result agrees with the host range studies

92

4: IDENTIFICATION OF NEMATODES BASED ON PROTEIN EXTRACTS USING MALDI-TOF MS

conducted by Perera (per. comm.) in which she generated profiles of the same species grown on
different plant hosts, and found growing nematodes on different host plants did not change the
protein profiles of the nematodes analysed. These observations show that neither host species
nor plant contaminants affect the protein profiles generated from nematode extracts.
Based on the root lesion nematode profiles (Table 10), protein biomarkers were identified for
each species tested (P. neglectus, P. penetrans, P. thornei and P. zeae). In addition, differences
between P. neglectus populations (131 and 264) could also be identified - five different peaks
were found in this case (Table 8). In contrast, there were no differences in profiles between two
populations of P. penetrans (642 and Narrogin) (Table 9). These results agree with those from a
previous study on various populations of P. neglectus and P. penetrans (Modika Perera, per.
comm.). This result is despite the fact that P. penetrans reproduces sexually whilst P. neglectus
is parthenogenetic (Chaube and Pundhir 2006; Smiley and Ocamb 2010).
Although analysis using MALDI-TOF MS is very sensitive, the complexity of the Pratylenchus
genus, with its wide host range and different reproductive strategies (Castillo and Vovlas 2007),
might make it difficult to identify protein biomarkers common to different populations. The
finding that one common protein biomarker is shared by P. neglectus, P. penetrans, P. thornei
and P. zeae confirms that the Pratylenchus species are related (Table 10), whereas, the large
differences between species suggest that it is a rapidly evolving genus, and that using MALDITOF MS it may appear to be a ‘species complex’. That indicates that Pratylenchidae is a group
with closely related species. This finding corresponds to the previous work by De Luca et al.,
(2004) and Riley, I. T. et al. (2009) in which they indicated that genetic diversity in P.
penetrans was not fully captured in their study, and they suggested P. penetrans to be a species
complex (Riley et al. 2009; De Luca et al. 2004).
The blind test experiments were set up to test whether protein profiling could be used to identify
known Pratylenchus species (P. neglectus, P. penetrans, P. thornei and P. zeae). The names of
each species were removed from the samples and using MALDI-TOF MS it was straightforward
to identify each species from their specific diagnostic peaks (Table 11). This indicates that
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MALDI-TOF MS spectra can be used as a practical approach to differentiate the RLN species,
and this could be extrapolated by studies of other Pratylenchus species.
In samples of mixed species, different percentage combinations were tested. For each
combination, some specific peaks from each species were, not surprisingly, reduced in intensity.
This is clearly an effect of mixing and diluting signals from different species (Table 12). A
specific peak for the genus Pratylenchus was always presents regardless of what percentage of
the species was present in the mixture. There are four species specific peaks for P. penetrans
(Table 11). However, only one peak at 14089kDa always occurred in any of the mixtures. The
other three peaks at 14259kDa, 16960kDa and 19111kDa were variable in mixed samples. For
example, in the 60%, 40% and 20% mixture for P. penetrans, the peak at 14259kDa was less
intense in these combinations, although it was present in equal percentage samples and 80% P.
penetrans mixture. Interestingly, in all percentage combinations, the intensity of the single peak
at 16960kDa was always reduced for P. penetrans. The peak at size 19111kDa m/z showed
potential as another specific peak not affected by mixing the species. However, in the 40% P.
penetrans mixture, this peak was not observed. This might be due to technical and/or human
error.
For P. zeae, four species-specific peaks were identified (Table 11). The peak at 11610kDa could
be specific for P. zeae. However, in the 60% mixture, this peak was not found (Table 12). In
most of the mixtures, especially 50% onwards, at least two marker peaks were not clear. For
example, at 50% and 80% samples, the 13792kDa and 15364kDa peaks were not as distinct as
other specific peaks, whilst in the 60% sample, 11610kDa, 15335kDa and 15364kDa peaks
were not clear. Conversely, at a lower percentage combination of P. zeae (20% and 40%), only
the 15335kDa marker was not clear. Out of five different combinations (20%, 40%, 50%, 60%
and 80%), three samples (20%, 40% and 60%) showed inconsistent results. Because of this, the
peak (15335kDa) is a less convincing biomarker for P. zeae.
In the 1:1:1 combination of P. neglectus, P. penetrans and P. zeae, the RLN specific peak at
11326kDa was always clearly present. Interestingly, for P. neglectus, only one specific peak at
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18975kDa was obvious, whereas, three diagnostics peaks were observed for P. penetrans and
two diagnostic peaks were obvious P. zeae (Table 13).
Two peaks at 14089kDa and 19111kDa for P. penetrans were not affected by the number of
species mixed (Table 13). Interestingly, the usually weaker peak at 16960kDa was present in the
three species mixed. In most of the different percentage mixed samples, 14259kDa was not
distinct for P. penetrans. This finding might support the previous analysis shown in Table 12.
Out of the four P. penetrans diagnostic peaks; 14259kDa was not distinct.
For P. zeae, species-specific peak 11610kDa seems to be affected by the mixture in this case
even though in most cases (Table 13), this peak is usually consistent (Table 12). However, the
absence of 11610kDa in Table 13 may be due to machine or human error since it was usually
consistent. In the three species mixture, the two peaks at 15335kDa and 15364kDa peaks did not
seem to be affected by the mix of species despite the results in Table 12 suggesting that these
peaks are relatively variable, but the 13792kDa peak can be affected by the mixed species
mixture.
Although the mixed percentage samples generated individually weaker peaks, because of
‘dilution’, there was nevertheless sufficient evidence to identify the species since P. penetrans
and P. zeae each had four species specific markers.
The H. schachtii samples from Carabooda (Cara 1 and 2), north of Perth, had identical profiles.
Carabooda 1 was collected from broccoli and cabbage, while Carabooda 2 was collected from
cabbage only. However, these profiles have at least two diagnostic peaks that differ from the ‘97
population collected from Baldivis, south of Perth, and the Austria population collected from
mustard. The population from Austria exhibited a slight difference from the Carabooda and ’97
populations (one peak at m/z 9025±0.1%). Apart from one specific peak, the Austrian
population appears to be between the ’97 and Carabooda populations. For example, similar
peaks were identified between Austria and Carabooda populations but absent from the ’97
population and vice versa (Table 14).
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Unlike H. avenae, H. schachtii has a wider host range, comprising at least 200 plant species in
23 families, from sugar beet, mustard, garden beet, broccoli, New Zealand spinach, Brussels
sprout, horseradish, cabbage, garden orache (French spinach), cauliflower, curly dock, garden
cress, kohlrabi, mangel, kale, radish, rape, rhubarb, spinach, swede and certain varieties of
tomato and turnip. H. schachtii can also survive on weeds related to the host crops mentioned
above (Gray, Francl, and Kerr 1992; Vanstone 2006). The differences in profiles might be due
to the wider host range and some related population divergence (Figure 11, Chapter 2).
H. avenae populations (Northam, Geraldton and Dongara) were all collected from wheat in WA,
and all three populations have identical profiles. The plant hosts of H. avenae are limited to
cereals and other grasses (Wherrett and Vanstone 2009). This and a common source of origin
probably explain the identical profiles of the cereal cyst nematode samples (Table 15). The
results are consistent with the view that in Australia there is only one haplotype of one species
of cereal cyst nematode, H. avenae, and the other two species, H. filipjevi and H. latipons, are
not present.
Because of quarantine restrictions, protein samples of G. rostochiensis and G. pallida from New
Zealand were not available and it would be interesting to compare both species of PCN since
these both have similarly, narrow host ranges, potato cyst nematode has a limited host range
restricted to the Solanaceae family (Collins 2009). A narrow host range and common origin
suggests that G. rostochiensis populations from Japan and New Zealand are likely to have
similar profiles. As discussed previously, identical profiles could be a reflection of a limited
number of hosts and limited introduction (s) (Figure 11, Chapter 2).
The comparisons between cyst nematodes (H. schachtii, H. avenae, H. glycines and G.
rostochiensis) revealed remarkably different protein profiles (Table 16). Each species exhibited
at least four distinct and different diagnostic peaks. Within a genus, two diagnostic peaks were
identified for Heterodera spp. and these differences clearly separated Heterodera and
Globodera.
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The MALDI-TOF MS protein profiles exhibited two diagnostic peaks present both in H.
schachtii and H. glycines that were absent for H. avenae (Table 16). This supports the finding
for ITS sequences when comparing results for the cyst nematode species: H. schachtii and H.
glycines were between 97%-98% similar, but H. avenae and H. glycines were only 76%-77%
similar (Chapter 3).
For all comparative techniques, a library or basic background information of the protein profiles
for major nematode genera is required before identification of unknown nematodes can be made.
The development of MALDI-TOF can be an alternative to the existing identification methods.
MALDI-TOF is sensitive and requires substantially less time (ca 2 hour) to conduct when
compared to morphological taxonomy and DNA analysis based on ITS sequences. However, for
RLNs, ca 1500 nematodes were required for the protein profile test whilst using PCR, a single
nematode was sufficient to obtain the results. For cyst nematodes, MALDI-TOF MS has the
capability to identify species using a single cyst.
One aspect that must be considered when using protein profiling is that the products of
expressed genes are analysed. These can change with development status of an organism. In this
case, only highly expressed proteins were chosen as biomarkers, and specific or bulked stages
analysed. The presence of the biomarkers chosen was not, in fact, unduly influenced by the
developmental stage of the nematode. Nevertheless, stages used for diagnostics should be
standardized. With more sensitive MS technology, the protein profile from a single J2 nematode
could now be obtained and this increases the usefulness of MALDI-TOF MS diagnostics.
The cost of a MALDI-TOF mass spectrometer is considerably larger than for a PCR thermal
cycler. However, when equipment is available, using MALDI-TOF MS is much cheaper in
terms of the reagents used. Protein extractions are straightforward using ethanol, while DNA
extraction requires more expensive kits, depending on the purity of DNA. Extracted proteins
only need to be mixed with matrix, TFA and acetronitrile. The matrix is cheap and long lasting
and can be used for thousands of samples. Although PCR reagents are more costly, in principle
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a smaller sample can be analysed. Overall, if the set up cost of an MALDI-TOF is discounted,
MALDI-TOF analysis is a cheaper diagnostic technique than PCR based methods.
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Chapter 5: Two Dimension Separation of Nematode Proteins

5.1 Introduction
Protein profiles have been used to distinguish between species of different organisms using gel
electrophoresis since the 1960s (Hubby and Throckmorton 1965). The application of gel
electrophoresis to separate proteins and provide a diagnostic profile has been used in
systematics, taxonomy and evolutionary studies. Protein patterns have also been used to reveal
genetic differences between single individuals within a population (Diz et al. 2009; d'Hondt
2001; Hillis and Moritz 1990; Nei 1987; Thorpe and Solé-Cava 1994).
Although proteins represent expressed genes, and not the whole genome, protein analyses have
been used successfully in nematode taxonomy and diagnostics (Curran and Robinson 1993;
Ferris et al. 1987) in particular for two genera; Heterodera (Bartel et al. 2007; Ferris et al. 1989;
Ferris, Ferris, and Murdock 1985; Vanholme et al. 2006) and Globodera (De Boer et al. 1992;
Folkertsma et al. 1996; Fullaondo et al. 2001).
Protein based-studies using 1DE, based on differences in protein banding patterns between
species, were used initially to differentiate species such as Globodera, Heterodera, Radopholus,
Meloidogyne and Pratylenchus (Subbotin and Moens 2006; Subbotin, Rumpenhorst, and
Sturhan 1996). Comparing 1DE and 2DE, 1DE separates proteins by their mass alone while
2DE separates proteins based on their iso-electric point and then by their mass (more details in
Chapter 1). Although for Globodera spp., 1DE has been used for routine diagnostic tests,
nevertheless, for any sample 2DE provides better separation of proteins (Karssen et al. 1995;
Subbotin and Moens 2006; Subbotin, Rumpenhorst, and Sturhan 1996). For examples, Navas
(2002), Subbotin and Moens (2006) showed that 2DE can be used to differentiate Meloidogyne
spp., Heterodera spp. and Globodera spp. More recently 2DE has been applied to study
proteomes of RKNs, and its use is now focused more on studying gene expression than as a
diagnostic tool (Navas et al. 2002). In this Chapter the aim was to evaluate the effectiveness of
2DE to differentiate between nematode species or populations and to generate information
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useful to develop diagnostic biomarkers, such as the identity of diagnostic specific proteins, and
then further characterisation after digestion with typsin.

5.2 Materials and Methods
5.2.1 Protein extraction
Nematode populations used here were collected from the different locations indicated in Figure
11 and Table 2, Chapter 2. Proteins were extracted from two CNs, BCN and CCN, and RLN
species. For CN, forty viable white cysts (i.e. mature white females) per replicate were used for
protein extraction. Four CN populations were extracted separately (H. schachtii (Cara 2) and H.
schachtii (‘97) three times, and H. schachtii (Cara 1) and H. avenae (Northam) extracted twice.
For RLNs, a nematode pellet (about 0.1mL in an Eppendorf tube with most of the water
removed) was used. Extracted proteins for six RLN populations were used for 2D-gel analysis
and each population was replicated three times, except for P. penetrans (Narrogin), which was
replicated twice.
Before extraction, the pellets or cysts were weighed to determine the amount of protein
extraction buffer to use. For every 10mg of sample, 100µL of buffer was added. The protein
extraction buffer was modified from Birda et al. (2003) with final concentrations of 0.93M TrisHCL, 0.0185M EDTA, 0.185mM β-Mercaptoethanol (Sigma-Aldrich, Australia) and
0.00185mM PMSF (Sigma-Aldrich, Australia) (Birda, Franceschib, and Facchini 2003). Total
protein was extracted separately by grinding each nematode population with a micropestle
(Scientific Specialities Incorporated, USA) for 5 min.
The extract was then homogenised using a sonicator equipped with a microtip (SON-IM
Sonicator Ultrasonic liquid processor). Samples were sonicated on ice, using five 10 sec bursts
with 10 sec cooling periods between each burst. After homogenisation, the sample was
centrifuged at 4°C at 20,800 x g for 10 min to collect the clear supernatant. Clear supernatant
was transferred into a new 1.5mL Eppendorf tube and freeze-dried in a MAXI Dry Lyo (Heto
Holten, Allerød, Denmark). For best results, extracted protein samples were used immediately.
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5.2.2 Protein concentration using the Bradford Assay
Protein measurements were done using the Bio-Rad Protein Assay (Bio-Rad Laboratories,
Australia) according to the manufacturer’s protocol. The protein concentrations of nematode
extracts were determined using the Bradford Assay by comparison with a standard curve. The
principal of this assay is the binding of Coomassie Brilliant Blue G-250 dye to proteins. A
standard protein curve was generated using Bovine Serum Albumin (BSA) and the absorbance
was measured by spectrometer (DTX 880 Multimode Detector, Beckman Coulter ®) at 595nm.
The results were analysed using Multimode Detection Software (Beckman Coulter ®, version
2.0.0.12).
5.2.3 Two-Dimension Polyacrylamide Gel Electrophoresis (2DE)
Dried protein extracts were dissolved in 200µL of ReadyPrep Rehydration/Sample Buffer
(400M Urea, 2% CHAPS, 50mM dithiothreitol (DTT), 0.2% (w/v) Biolyte 3/10 ampholytes and
bromophenol blue (trace) (Bio-Rad Laboratories, Australia) which was reconstituted by adding
6.1mL deionised double distilled water. IPG (immobilized pH gradient) strips, Bio-Rad
ReadyStrip, (11cm, pH 3-10) (Bio-Rad Laboratories, Australia) were rehydrated overnight with
200µL of ReadyPrep Rehydration/Sample Buffer according to ReadyPrepTM 2-D Starter Kit
instruction manual (Bio-Rad Laboratories, Australia). Proteins were subjected to isoelectric
focusing using a Protean® IEF cell (Bio-Rad Laboratories, Australia) at 12°C, applying 250V
for 20 min at Linear, 3kV for 2 hrs and 30 min at Linear, 3kV for 13 hrs and 30 min at Rapid
for a total of 50kVh and the last step was held at 400V for 56 hours at Rapid: the resistance was
set at 40µA per IPG strip.
Focused IPG strips were incubated in 2mL equilibration buffer I (6M Urea, 2% SDS, 0.375M
Tris-HCL, pH 8.8, 20% glycerol and 2% (w/v) DTT) for 15 min. The buffer was then carefully
removed and discarded by decanting the liquid. 2µL of equilibration buffer II (6M Urea, 2%
SDS, 0.375M Tris-HCL, pH 8.8, 20% glycerol and 2% (w/v) DTT containing 0.5g
iodoacetamide) was added to the IPG strips and incubated for 15 min (Bio-Rad equilibration
buffer I and II were reconstituted by adding 13.35mL of 30% glycerol before use).
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SDS electrophoresis in the second dimension was carried out using a Criterion™ cell (Bio-Rad
Laboratories, Australia) at 4°C using 16.5% Criterion polyacrylamide gel (Bio-Rad
Laboratories, Australia). After the IPG strip was placed on the Criterion polyacrylamide gel, a
layer of ReadyPrepTM Overlay agarose solution (Bio-Rad Laboratories, Australia) (0.5% low
melting point agarose in 1 x Tris/glycine/SDS and 0.003% bromophenol blue) was added to the
IPG wells to secure the strips in place during the gel electrophoresis. The gel was run in 1x
Tris/glycine/SDS buffer (Bio-Rad Laboratories, Australia), which consisted of 100mM Tris,
100mM Tricine, 0.1% SDS, pH 8.3 following dilution to 1x with deionised double distilled
water. For protein size standards, 2µL of Precision Plus Protein™ Dual Xtra Standards was
loaded (Bio-Rad Laboratories, Australia) and the gel electrophoresis was run at 100V for 4 hrs.
5.2.4 Silver Staining
The silver staining procedure was modified from Shevchenko et al. (1996). For fixing, the gel
was soaked twice (each for 15 min) in fixing buffer (10% Acetic Acid, 40% Methanol and 50%
deionised double distilled water). After fixing, the fixing buffer was discarded, the gel was
sensitized for 30min in sensitizing buffer (30% Methanol, 0.2% (w/v) sodium thiosulphate and
6.8% (w/v) sodium acetate (anhydrous)). After sensitizing, the gel was washed 3 times (each for
15 min) with deionised double distilled water. The gel was then incubated for 20 min in silver
nitrate buffer, consisting of 0.26% (w/v) silver nitrate. After incubation in silver nitrate buffer,
the gel was washed twice (each for 1 min) in deionised double distilled water. The developing
step required 4 min of incubation using developing buffer (2.5% (w/v) sodium carbonate and
0.04% (v/v) formaldehyde (37%)). The developing reaction was stopped by adding 1.46% (w/v)
EDTA and incubating the gel for 10 min, followed by 3 washes (each for 5 min) with deionised
double distilled water (Shevchenko et al. 1996).
5.2.5 Image analysis
The gels were scanned using a proXPRESS 2D Proteomic imaging system, (Perkin-Elmer Life
and Analytical Sciences, Waltham, MA, USA) and analysis was undertaken using Progenesis
SameSpots software (Nonlinear Dynamics, version 3.3). A reference gel was selected based on
the quality of staining and all samples were then compared to this reference gel. For
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Pratylenchus spp., the gel of replicate 1 of P. neglectus (131) was used as the reference. The
same referencing procedure was used for the Heterodera spp., where all Heterodera spp.
samples were compared with replicate 2 of H. schachtii (Cara 1) (Appendix 4).
5.2.6 Peptide sequencing by Mass Spectrometry and analysis
Unique spots from 2DE gels of each nematode population were excised and sent for trypsin
digestion and analysis to Proteomics International Pty Ltd (Nedlands, Western Australia). The
protein spots were digested using trypsin following standard techniques (Bringans et al. 2008).
Digested peptides were ionised and analysed using a Dionex Ultimate 3000 nano HPLC system
and Applied Biosystems 4000 Q TRAP mass spectrometer. Tryptic digested peptides were
loaded onto a 3µm LC Packings C18 PepMap1000. Separation was achieved by a linear
gradient of water/acetonitrile/0.1% formic acid (v/v). Mascot sequence matching software
(Matrix Science), with the taxonomy set to Caenorhabditis elegans as the reference, was used to
analyse the spectra and identify proteins of interest. Because resources were limited, the peptide
sequencing was undertaken once only.
Predicted proteins were identified based on fragmented peptide hits against the Mascot database
taxonomy set to C. elegans. For samples with no significant hits against the Mascot database,
peptides were used to blast against NCBI with the setting adjusted for different protein
databases and specific species. The algorithm was set to blastp (protein-protein Blast).

5.3 Results: Two Dimensional protein separations
Based on the 2DE analyses, a number of diagnostic protein spots were identified for cyst and
root lesion nematodes (Figures 18 and 19). The results are presented below in two parts; for
RLNs then for CNs. A total of 513 initial spots were first identified for RLNs and 650 spots
were identified for CNs. After the first filtering and removal of similar spots, 93 spots for RLNs
and 89 spots for CNs remained for selection based on p value, and these are indicated on the
reference gels (Figure 18 and 19). The p value relates the probability that a protein spot is
unique to one of the species or population studied, and a low p value indicates the probability
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that a spot is unique. Thus a p value of 0.05 indicates a 95% chance that the spot is unique, and
this value was used to decide which spots to study further.
5.3.1 Analysis of 2DE protein spots
Protein profiles of each population studied by 2DE were replicated at least twice. Specific spots
were identified after silver staining and compared using a reference gel for each group. Protein
spots between gels were compared using Progenesis SameSpots software (Nonlinear Dynamics,
version 3.3) based on the absence or presence of spots. Chosen protein spots were considered
based on the p value of each spot and the specificity of spots to each species or population.
5.3.1.1 2DE of root lesion nematode proteins
In total, 93 protein specific spots were identified as present only in RLNs in the size of 10kDa
to 50kDa. However, only 13 RLNs protein spots had a p value ≤0.02. Figure 18 shows the
reference gel of replicate 1 of P. neglectus (131), which was used to compare all RLN samples.
Although the reference gel appears to be over stained (Figure 18), the spots were clearly
distinguishable by the Progenesis SameSpots software. The results showed unique protein spots
that differed at both the species and population levels. From the subset of 93 spots, 13
significant spots were picked as potential biomarkers and sequenced (354, 387, 391, 373, 57, 64,
386, 406, 427, 444, 93, 133 and 464) with p< 0.02 (Table 17).
Out of the 13 significant spots with p< 0.02, common diagnostic spots chosen for two P.
neglectus populations (131 and 264) were numbers 354 and 387, with an additional spot at 391
characteristic for P. neglectus (264). For both P. penetrans populations (642 and Narrogin), spot
373 was identified as a common spot. In addition to this common spot, two additional but
different spots were identified for each population; 57 and 64 were identified for P. penetrans
(642) and 386 and 406 for P. penetrans (Narrogin). At the species level (P. neglectus, P.
penetrans, P. thornei and P. zeae), two spots 427 and 444 were identified as present only in P.
thornei (Vic 33) and three spots 93, 133 and 464 were identified as present only in P. zeae
(Aus/Qld).
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Figure 18: Reference gel for Pratylenchus population analysis. Protein spots after second filter were in the range of 5kDa to 50kDa (Note that the quality of this
image is poorer than screen image, which was adequate for the software to identify all the individual spots).
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Table 17: Diagnostic protein spots identified for six Pratylenchus populations following 2DE and
silver staining.
Spot Number P. neglectus P. neglectus P. penetrans

P. penetrans

P. thornei

P. zeae

(131)

(264)

(642)

(Narrogin)

(Vic33)

(Qld/Aus)

354

+

+

-

-

-

-

387

+

+

-

-

-

-

391

-

+

-

-

-

-

373

-

-

+

+

-

-

57

-

-

+

-

-

-

64

-

-

+

-

-

-

386

-

-

-

+

-

-

406

-

-

-

+

-

-

427

-

-

-

-

+

-

444

-

-

-

-

+

-

93

-

-

-

-

-

+

133

-

-

-

-

-

+

464

-

-

-

-

-

+

5.3.1.2 2DE of cyst nematode proteins
For the CNs, a total of 89 protein spots were identified in the size range 7kDa to 31kDa; 30
protein spots with a p value <0.05 were identified using Progenesis SameSpots software. The
protein spots were clearly distinguishable by the Progenesis SameSpots software although the
reference gel appears over stained (Figure 19). However, in these 30 spots, there were no
specific spots with p value <0.05 for H. schachtii (Cara 2). Therefore, two spots were chosen
with a p value <0.93. Although the two spots were less significant in p value, when the gels
were compared, the spots were clearly specific to H. schachtii (Cara 2), but not recognised by
the software (Appendix 4). In total, 11 specific protein spots were chosen as biomarkers for
CNs.
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For CNs, replicate 2 of H. schachtii (Cara 1) was used as reference gel (Figure 19). The 2DE
gels showed spots that were unique at both the nematode species and population levels. Nine
significant spots (116, 117, 2, 38, 44, 143, 91, 121 and 357) were picked with p< 0.05 and two
spots (36 and 61) were picked with p>0.05 for further analysis (Table 18).
Common diagnostic spots for the H. schachtii populations were identified, numbers 116 and
117. Additional, but unique spots were also identified for each H. schachtii population. Two
spots (2 and 38) were identified for H. schachtii (Cara 1), a further two spots (36 and 61) for H.
schachtii (Cara 2) and another two (44 and 143) for H. schachtii (’97). Only one population of
H. avenae (Northam) was used in this study. However, three spots were identified for this
population (91, 121 and 357) which was not present in the other three H. schachtii populations.
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Figure 19: Reference gel for Heterodera population analysis. Protein spots after second filter were in the range of 5kDa to 37kDa (Note that the quality of this image
is poorer than screen image, which was adequate for the software to identify all the individual spots).
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Table 18: Diagnostic spots identified for four Heterodera populations following 2DE and silver
staining.

Spot Number

H. schachtii
(Cara 1)

H. schachtii
(Cara 2)

H. schachtii
(’97)

H. avenae
(Northam)

116

+

+

+

-

117

+

+

+

-

2

+

-

-

-

38

+

-

-

-

36

-

+

-

-

61

-

+

-

-

44

-

-

+

-

143

-

-

+

-

91

-

-

-

+

121

-

-

-

+

357

-

-

-

+

5.3.2 Sequence analysis of proteins
A total of twenty-four unique protein spots were identified for RLNs and CNs and were chosen
for sequencing. Out of the twenty-four spots, thirteen spots had significant identify matches to
proteins using the Mascot database. The eleven spots with no significant hits using Mascot were
blasted using NCBI and eight were matched to known proteins in the NCBI database (Table 19
and 20) leaving three protein spots unidentified.

5.3.2.1 Identification of root lesion nematode proteins
Thirteen protein spots unique to Pratylenchus spp. were chosen for peptide sequencing by mass
spectroscopy. Significant matches were found to ten proteins using the Mascot database. Three
spots with no hits in Mascot were blasted using the NCBI protein database, but no significant
hits were found. The results are presented in Table 19.
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Table 19: Predicted proteins from identified diagnostic spots from six Pratylenchus populations.

Sample
Mascot
name/code job #

Significant peptide identified

Predicted protein

354

148316

VIEGMDVVK

No significant hit

387

148317

KSVEIDDQK

No significant hit

391

148318

K.SPYPARAAYQVAALPK.G

RutC family protein
C23G10.2

373

148319

R.ITVEWTNTPDGAARQFR.R
R.REWFQGDGMVR.R

Major sperm protein 3

57

148320

K.TFLVWVNEEDHLR.I
R.IISMQNGGNVGEVLAR.L
R.LGWLTFCPTNLGTTVR.A

Probable arginine kinase
ZC434.8

64

148321

K.TFLVWVNEEDHLR.I
R.IISMQNGGNVGEVLAR.L
R.LGWLTFCPTNLGTTVR.A
R.ASVHIKLPK.I

Probable arginine kinase
ZC434.8

386

148322

R.EWFQGDGMVR.R

Major sperm protein 74

406

148323

K.GPIANARR.S
K.LELAQYR.E
R.EVAAFAQFGSDLDASTQQLLNR.G

ATP synthase subunit alpha,
mitochondrial

427

148324

LEFKLPR

No significant hit

444

148325

K.IKTTGVNNVQK.R

Putative uncharacterized
protein

93

148326

K.TSALVDLDPEGK.F
R.ASVHIRLPK.I
R.LGLTEFEAVK.Q

Probable arginine kinase
F46H5.3

133

148327

R.GAGQNIIPASTGAAK.A
R.VPTPDVSVVDLTAR.L

Glyceraldehyde-3-phosphate
dehydrogenase 2

464

148328

R.QKIMEFFEK.K Oxidation (M)
R.TALFGPNPNR.S

Vacuolar h Atpase protein 8

5.3.2.2 Identification of cyst nematode proteins
For CNs, eleven spots were chosen for peptide sequencing by mass spectroscopy. Significant
matches to three proteins were found using the Mascot database. The eight spots with no
significant hits using Mascot were blasted against the NCBI protein database. The predicted
proteins based on the trypsin digested peptide identification are presented in Table 20.
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Table 20: Predicted proteins from identified diagnostic spots from four Heterodera populations.

Sample
Mascot
name/code job #

Significant peptide identified

Predicted protein

116

148329

K.EFEQAEILLSK.T

Protein C14C10.2b

117

148330

NVELDVK
LLFAETIK

No significant hit (Mascot)
Protein 19C07 (NCBI)

2

148331

R.AISGGVR.L
K.GPNEMPVVVIDSK.F

Y20F4.3 transcript:Y20F4.3

38

148332

EEIIPTALAAPRR

No significant hit (Mascot)
Protein 19C07 (NCBI)

36

148333

AIEQELDGEQR

No significant hit (Mascot)
Ararbinogalactan endo-1,4- β galactosidase 2 (NCBI)

61

148334

R.VEIIANDQGNR.I
K.DAGTIAGLNVVR.I

Heat shock 70 kDa protein C

44

148335

MHLLILFLIK + Oxidation (M)

No significant hit (Mascot)
Annexin 4F01 (NCBI)

143

148342

ENATNVSSR

No significant hit (Mascot)
β-1, 4-endoglucanase 1 precursor
(NCBI)

91

148312

KVPGIK

No significant hit (Mascot)
Aldolase (NCBI)

121

148314

HFIDLIEEASK
KSVEIDDQK

No significant hit (Mascot)
Cathepsin L (NCBI)

357

148315

NGNKVELAEK
FNVVEDTIIK

No significant hit (Mascot)
Pectate lyase 1 (NCBI)

5.4 Discussion
2DE was used to generate patterns of protein spots from which diagnostic marker proteins could
be chosen. Some of these were eluted, digested with trypsin, and sequenced using mass
spectroscopy. After filtering out common protein spots, 93 and 89 potentially specific protein
spots were found respectively by 2DE for RLN and CNs. This work shows that 2DE of
nematode protein extracts can be used to generate characterise protein profiles, which can be
specific both at the population and species levels. The diagnostic protein biomarkers were
analysed further by peptide mass fingerprinting and peptide sequence analysis. In additional to
the proteins themselves, identified protein biomarkers could in fact in most cases be used to
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generate DNA sequences from the genes that encode such proteins, and this would enable
protein biomarkers to be converted into DNA markers.
At the species level, two common protein biomarkers (spots 354 and 387) were shared by both
P. neglectus populations; similarly for P. penetrans a common protein biomarker (373) was
identified in both samples. For H. schachtii two common markers were present in all three
populations. Therefore, these different nematodes species can be identified from their 2DE
protein profiles.
In addition to identifying different nematode species, 2DE can be used to differentiate different
populations of the species. For example, variation was shown within P. penetrans populations
642 and Narrogin, with two markers identified for each population. One significant marker,
number 391 was identified for P. neglectus (264), and two each in each of the three H. schachtii
samples. All the unique marker spots can be used as potential biomarkers for identifying species
variation.
Further analyses were undertaken to identify the trypsin digested protein spots and, of the three
spots from P. neglectus, only protein spot 391 was identified (RutC family protein C23G10.2).
Despite digesting and sequencing spots 354 and 387, no significant hits were found using the
Mascot or NCBI databases. This might be because there was not enough protein for sequencing,
or the peptides could be novel or lack information in the databases. With the predicted protein
identified, this biomarker could be used as a specific target for P. neglectus.
From P. penetrans, protein spots 373 and 386 were identified as major sperm proteins. This
finding supports current information for P. penetrans, in which approximately 40% of P.
penetrans individuals are males, whereas, males are extremely rare or absent in P. neglectus and
P. zeae (Vivien Vanstone, per. comm.).
Interestingly, protein spots 57 and 64 from P. penetrans were almost the same mass (37 KDa)
with slightly different pIs (pI 7 and 7.2, respectively). These two spots were predicted to be
arginine kinase (ZC434.8). Within the same mass range as these spots, spot 93 in P. zeae
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(Qld/Aus) was also predicted as a possible arginine kinase (F46H5.3). There may be a
multigene family for arginine kinase with related properties.
The identity of H. schachtii can be differentiated by protein spots 116 and 117. These two spots
were identified in all three populations of H. schachtii (Cara 1, Cara 2 and ’97). From spots 116
and 117 species specific molecular markers for H. schachtii could be developed. Specific
proteins for each different H. schachtii population were also identified and these spots could be
used as population specific markers.
Although only one population of H. avenae (Northam) was analysed in this study, nevertheless,
three distinct protein spots (91, 121 and 357) were identified for this species compared with
three H. schachtii populations. These spots might provide potential molecular markers for H.
avenae.
Under Australian Quarantine laws, it is not easy to obtain and work with live samples of H.
glycines, G. rostochiensis or G. pallida. In this study, a minimum of 40 viable mature female
nematodes per replicate were required. It was not feasible to import live nematodes and extract
the proteins in Australia. As a result, 2DE could not be done with the three quarantine pests.
However, extrapolating the 2DE results obtained for the other species, it should be possibile to
use this technology to develop species specific molecular markers for H. glycines, G.
rostochiensis and G. pallida.
As for most techniques, background information is required, especially where sequencing is
involved. A library of protein sequences for major nematode genera is required before
identification of all unknown nematode proteins can be achieved. Nevertheless, the
development of 2DE has shown that substantial new information on proteins present can be
generated, but using silver staining to visualize protein may not provide accurate information on
the amount of protein in an individual spot. Unlike Coomassie Blue staining of protein gels, if
spots contain insufficient protein, they will not be stained. However, silver staining is much
more sensitive, and spots that appear, therefore, may represent much less protein in the gel.
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When spots are excised and sequenced, the results generally predict only the possible protein
present. Assuming the predicted protein is present in the spot, this information would be useful
for the future development of field based devices such as LFDs so that antibodies to their
specific targets can be developed for antibody based detection. When compared to ITS
(Chapter 3) or MALDI-TOF MS (Chapter 4) diagnostic approaches, 2DE is undoubtedly
informative, but the lengthy time taken to run 2DE gels means it will not be used as a routine
method of nematode diagnostics. Whereas, PCR-based and MALDI-TOF MS based method of
nematode diagnostics are rapid, generating 2DE protein patterns is expensive and timeconsuming to do. However, their value lies in (1) increased knowledge of proteins present in
target species, (2) they can be used to identify species-specific and population specific
biomarkers, and (3) other more rapid diagnostic tests can then be developed using this
knowledge.
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Chapter 6: aQPCR and MAD PCR

6.1 Introduction
6.1.1 ‘anti-primer’ Quantitative PCR (aQPCR) technology
‘Anti-primer’ Quantitative PCR (aQPCR) technology which was first developed by Li et. al.
(2006) and used for genetic analysis. aQPCR has also shown promising results in clinical
research applications (Bonanno et al. 2007; Wang et al. 2007). More recently, in cattle milk
production, aQPCR technology has also been used to identify the allele variants of cattle milk
production genes (Rashydov et al. 2010).
aQPCR technology is a new variant of qPCR and requires a single fluorescent label that is
quenched by an ‘anti-primer’ (Li and Makrigiorgos 2007; Li et al. 2006). The principle of
aQPCR is shown in Figure 20. In aQPCR, a universal fluorescently labelled tail such as FAM
(6-Carboxyfluorescein) is added at the 5’position of one primer. In the aQPCR reaction, an antiprimer which is complementary in sequence to the sequence carrying the fluorescent tag is
derivatised with a molecule such as BHQ-1 (Black Hole Quencher-1) that can quench the
fluorescence of the fluorescent tag. During PCR, multiple copies of the specific target sequence
are synthesized and when the melting temperature decreases, the anti-primer binds to free
unbound 5’ fluorescent tail. The anti-primer anneals to free fluorescent primer to form double
stranded DNA, such that the anti-primer quencher prevents fluorescence of the fluorescent label
(Li et al. 2006; Li and Makrigiorgos 2007). The only fluorescence that is measured originates
from the unquenched double stranded product.
The sensitivity of aQPCR technology compared with a TaqMan assay is comparable and is
demonstrated by a study looking at quantification the HER-2 gene using both techniques (Li et
al. 2006). However, the assay using aQPCR technology provides stronger fluorescent signals
because of the design of anti-primer, which ensures optimal association between quencher and
fluorescent probe. Thus, the baseline fluorescence in aQPCR is much lower than using the
TaqMan system. The TaqMan oligonucleotide consists of a reporter dye at 5’ end and quencher
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molecule at the 3’ end. The quencher stops the natural fluorescence of the reporter dye by
Forster-type energy transfer. Once the primer is elongated by Taq polymerase, the additional
probe binding to the specific DNA template is hydrolysed, releasing the fluorescent reporter
leading to an increase of fluorescence and so the signal is directly proportional to the amount of
DNA present. Because the aQPCR technique does not depend on 5’ to 3’ exonucleolytic activity
of the polymerase as is required for TaqMan PCR it, therefore, allows the use of lower cost
polymerases without such a property, or different polymerases with better processivity. To
generate signal, the TaqMan assay must utilize an oligonucleotide with dual-labelled probe to
bind to the template, which in principal is still expected to provide higher target specificity
compared to fluorescent primers (Li et al. 2006).
As for some other probe requiring systems, multiplexing using a TaqMan probe is challenging
because of the possibility of primer-probe interactions during PCR. In the HER-2 gene study by
Li (2006) two separate reactions using TaqMan had to be set up separately to detect HER-2 gene
copy number changes in breast cancer samples.
Using aQPCR and different fluorescent tags, six species of nematodes could be detected in a
single run without further analysis. In this Chapter, the first aim was to evaluate the potential of
aQPCR for nematode diagnostics using different species-specific primers with different
fluorescent labels, and then to use them to detect different species of plant-parasitic nematodes
in multiplex assays.
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Figure 20: Outline of aQPCR technology. (A) Specific primer with anti-primer binding site and
universal florescence labelled. (B) Introduction of nematode DNA (single stranded after
denaturation). (C) Synthesized first strand using template DNA. (D) Synthesized complementary
strand. (E) Synthesized product and free unbound primer. (F) With lower temperature, the antiprimer binds to the free fluorescent forward primer. (G) Only the double stranded DNA product
fluoresces, since all the free fluorescent forward primer is quenched by the anti-primer.

6.1.2 ‘Multiplex Anti-primer Denaturation’ PCR (MAD PCR) technology
A modification of aQPCR which can extend this diagnostic technique was also developed. The
modification involved adding C3 linkers (three carbon spacers, which block copying of DNA
from that point) and ‘auto-sticky’ PCR (Gál et al. 1999).
‘Auto-sticky’ PCR, was first introduced in cloning to create single stranded tails to overcome
some cloning difficulties. This technique utilises a primer pair to generate 5’ overhangs instead
of using C3 linkers (Gál et al. 1999). The concept of ‘autosticky’ technology is to have an
allocated site in the template DNA for DNA polymerase where complementary strand synthesis
will stop. This creates a single-stranded overhang at the 5’ end and enables direct ligation to
suitable cloning vector without further modification. Instead of using a primer pair, the 5’
overhang can also be generated by introducing a C3 linker (Integrated DNA Technologies, Inc.,
per. comm.), which blocks further copying of template DNA.
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C3 linkers are used to block polymerase and further template directed DNA synthesis
(Integrated DNA Technologies, Inc., per. comm.), and so create 5’ overhangs whose length is
determined by the position of C3 linker. Identification of species was determined by the melt
point of each primer set. After amplification followed by a melt analysis, primers with C 3 inserts
at different positions will melt at different temperatures. Once anti-primers disassociate from the
PCR product during the melt analysis, the PCR product will fluoresce maximally at a specific
temperature. The concept of the combination of incorporating ‘autosticky’ PCR with a C3 linker
and aQPCR is shown in Figure 21. Instead of measuring fluorescence, a melt curve analysis can
be taken to determine at what temperature strand melting occurs and this is defined by the
length of auto-sticky overhang.
This hybrid technique (C3 linkers and ‘auto-sticky’ PCR) plus aQPCR, is called ‘Multiplex antiprimer denaturation PCR’ (MAD PCR). It has the potential to expand the detection abilities of
the aQPCR to up to 18 species of plant-parasitic nematodes in a single PCR run, hence, aiding
the development of new nematode diagnostic techniques for plant-parasitic nematodes.
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Figure 21: Outline of ‘MAD PCR’ technology. (A) Specific primer with multiplex C 3 zone, antiprimer binding site and universal florescence labelled. (B) Introduction of nematode template DNA.
(C) First strand synthesised using template DNA. (D) Complementary strand synthesised. (E)
Synthesized product ending at the C3 multiplex zone. (F) Introduction of anti-primer with quencher
molecule. The temperature is lowered to allow binding of anti-primer and anti-primer binding site.
(G) Florescence quenched with doubled stranded end product. (H) During melt analysis, when the
melt temperature increases, the anti-primer with quencher will release the florescent produced.

The second aim of the work in the development of MAD PCR was to evaluate how changing
the position of the C3 linker affects the reaction, and eventually to develop a method to detect
different species of plant-parasitic nematodes using melt analysis to expand detection capacity.
Thus, the work involved studies on how to extend multiplex PCR by combining aQPCR and
auto-sticky PCR with C3 linker technology. The aim was to investigate this approach as a way to
increases the throughput of diagnostic applications.
There are some drawbacks to using qPCR, which include; (i) qPCR instruments are more
expensive than conventional thermal cyclers, (ii) qPCR requires higher quality reagents, (iii)
good quality starting extracts are essential to prevent inhibition of the qPCR process, (iv) the
sensitivity of qPCR is extremely high and such high sensitivity can lead to contamination during
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DNA extraction. However, these are more than balanced by the advantages of using qPCR,
which include; (i) it can provide high throughput, (ii) less starting DNA is required compared
with conventional PCR, (iii) the high sensitivity allows detection of fewer copies of DNA, (iv)
the repeatability of experiments is high.

6.2 Materials and Methods
6.2.1 Nematode preparation
Nematodes were extracted from infected carrot discs using the mist chamber (Hooper 1986).
Collection and washing of nematodes was as described in Chapter 2.
6.2.2 Qiagen DNeasy Blood and Tissue Extractions
Nematode DNA was extracted (~1,000 nematodes) with a DNeasy Blood and Tissue extraction
kit (Qiagen Pty Ltd, Australia) as described in Chapter 3.
6.2.3 ITS species-specific primer design
ITS sequences were amplified and sequenced (Chapter 3). Based on the sequences obtained,
species-specific primers were designed to amplify ITS2 regions (Table 21). The target product
sizes for P. neglectus, P. penetrans and P. thornei were 77bp, 91bp and 86bp respectively.

Table 21: Primer sets for root lesion nematode ITS2 rDNA region amplification.
Species
Primers
Primer sequence
code
P. neglectus

P. penetrans

P. thornei

5’→3’

PnF

CAAACAAGCACTGCCTGTTGTGTTTGC

PnR

AATTCGCCCCTTTCCATTCTGG

PpF

AAACAAAAAACACAAATGTGTGTTG

PpR

AATTCCCAAGACGGTCAAAATGGGA

PthF

CAAACAAACACTGTGTCTGTG

PthR

AAATTCAACTGAGAGCCTGTTGAC

Annealing
temperature
59
59
55

6.2.4 Primer design for aQPCR
After testing the specificity of each species-specific primer set, an anti-primer binding site
sequence was added to the 5’ end of each primer, which consisted of 17 nucleotides (Table 22).
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Table 22: Primer sets for root lesion nematode ITS2 rDNA region with anti-primer binding site
sequences. For each species, sequences in Red are the anti-primer binding site and sequences in
Black are specific sequence for each species.
Species

P. neglectus

Primers

Primer sequence

Annealing

code

5’→3’

temperature

AntiPn

AGTGCTATCCGAGGGAACAAACAAGCACTGCC

59

F
P. penetrans

AntiPp
F

P. thornei

AntiPth
F

TGTTGTGTTTGC
AGTGCTATCCGAGGGAAAAACAAAAAACACAA

59

ATGTGTGTTG
AGTGCTATCCGAGGGAACAAACAAACACTGTG

55

TCTGTG

After testing species-specific primers with linked anti-primer sequences for specificity by PCR,
fluorescent label was then attached to check that this did not interfere. For P. neglectus, TET
label was attached to the primer, for P. penetrans, Cy5 label was used and for P. thornei, Fam
label was incorporated to the primer (Table 23).
Table 23: Primer sets for root lesion nematode ITS2 rDNA region with anti-primer binding site
sequences. For each species, forward primer sequences in Red are the anti-primer binding site and
sequences highlighted in Yellow are sequences specific to each species, labelled with different
fluorescence labels.
Species/Name

Primers

Primer sequence

of Primer

code

5’→3’

P. neglectus

AntiPnF

Tet-AGTGCTATCCGAGGGAACAAACAAGCACTGCCTGTTGT

5’ TET

GTTTGC

AntiPpF

Cy5-AGTGCTATCCGAGGGAAAAACAAAAAACACAAATGTG

P. penetrans

5’ Cy5
P. thornei

AntiPthF
5’ FAM

Anti-Primer

AP

TGTTG
Fam-AGTGCTATCCGAGGGAACAAACAAACACTGTGTCTG
TG
TTCCCTCGGATAGCACT -BHQ1

6.2.5 Primer design for ‘MAD’ PCR
Primers with C3 inserted at different positions have different melt temperatures after
amplification. The primers used for MAD PCR are presented in Table 24. Using the online tool
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from Integrated DNA Technologies (IDT), the melt temperature of the primers was predicted
using Oligo Analyzer (www.idtdna.com/analyzer/Applications/OligoAnalyzer/).
Table 24: Primer sets for root lesion nematodes ITS2 rDNA region with different C 3 insert positions
for MAD PCR. Two C3 linkers have been inserted at different positions. For example, ‘P11’, C 3 was
inserted 11bp after the 5’ end. Sequences in Red are the anti-primer binding site, sequences in
Green are the multiplex binding site, and sequence in Black are the species-specific sequences. For
the Multiplex Anti-primer (MAP), the sequence highlighted in Yellow is the multiplex sequence and
underlined is the sequence of the anti-primer.
Species/Name of

Primers

Primer sequence

Primer

code

5’→3’

P. neglectus

P11

FamAGTGCTATCCG/iSpC3//iSpC3/GGAAGATACATGGTCCA
AACAAGCACTGCCTGTTGTGTTTGC

P. penetrans

P13

FamAGTGCTATCCGAG/iSpC3//iSpC3/AAGATACATGGTCAA
ACAAAAAACACAAATGTGTGTTG

P. neglectus

P14

FamAGTGCTATCCGAGG/iSpC3//iSpC3/AGATACATGGTCCA
AACAAGCACTGCCTGTTGTGTTTGC

P. thornei

P15

FamAGTGCTATCCGAGGG/iSpC3//iSpC3/GATACATGGTCCA
AACAAACACTGTGTCTGTG

Multiplex Anti-

MAP

GACCATGTATCTTCCCTCGGATAGCACT -BHQ1

Primer

6.2.6 PCR amplification using ITS species-specific primers
The PCR reaction mixture was made up to a total reaction volume of 25μL with the following
final concentrations: 1 X DNA polymerase buffer (Invitrogen Pty Ltd, Australia), 0.2mM
dNTPs (Invitrogen Pty Ltd, Australia), 1 unit of DNA Taq polymerase (Invitrogen Pty Ltd,
Australia), 2.5mM MgCl2 (Invitrogen Pty Ltd, Australia), 0.5μM each of forward primer and
reverse primer. DNA extract of 31ng was added with the total PCR reaction mixture and the
volume made up with deionised PCR grade water. The PCR reaction was run on an Applied
Biosystems VeritiTM 96-Well Thermal Cycler with two different amplification profiles.
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The amplification profile for P. neglectus and P. thornei was: 3 min at 95ºC; 30 cycles of 1 min
at 95ºC, 1 min of 55ºC or 59ºC depending on the species-specific primer (Table 21), 1 min at
72ºC and a final extension of 7 min at 72ºC. For P. penetrans, the amplification profile was: 3
min at 95ºC; 30 cycles of 30 sec at 95ºC, 30 sec at 59ºC and 30 sec at 72ºC, with a final
extension of 5 min at 72ºC. To check for any cross reaction, the species-specific primers to P.
neglectus, P. penetrans and P. thornei were tested with DNA from four Pratylenchus spp. (P.
neglectus, P. penetrans, P. thornei and P. zeae).
6.2.7 PCR using species-specific primers without fluorescent label
The PCR reaction mixtures and amplification profile were set up as Section 6.2.6. However, the
species-specific forward primer used is presented in Table 22.
6.2.8 Multiplex PCR using species-specific primers without fluorescent label
Multiplex PCR reaction mixtures were set up as Section 6.2.6 using species-specific forward
and reverse primers (Table 22). Three sets of species-specific primers, one set for each of P.
neglectus, P. penetrans and P. thornei were combined in the reaction and the amplification
profile was set at 3 min at 95ºC; 30 cycles of 1 min at 95ºC, 30 sec of 58ºC and 30 sec of 72ºC
and a final extension of 5 min at 72ºC.
6.2.9 Multiplex aQPCR using different species-specific fluorescence labelled primers
aQPCR reaction mixtures were set up as Section 6.2.6, however, 3mM MgCl2 was added
instead of 2.5mM MgCl2. For the primer concentration, 0.2μM of the species-specific forward
(Table 23) and reverse primers (Table 21) was used. The concentration of anti-primer used was
5 X the forward primer. The negative control for each species was set up with no template. P.
neglectus, P. penetrans and P. thornei were analysed by qPCR using species-specific primers.
The amplification profile was set; 3 min at 95ºC; 28 cycles of 1 min at 95ºC, 30 sec of 58ºC and
30 sec of 72ºC and 50ºC for 20 sec. Reading fluorescence was performed on TET, Cy5 and
FAM channels. Data was collected at a gain of 7 for FAM channel, and 5 for both the TET and
Cy5 channels. After the reading, a final extension of 20 min was set at 72ºC. aQPCR reaction
were set on Corbett Rotor-Gene RG-3000 (Corbett Research, Australia).
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6.2.10 Multiplex aQPCR amplification using three different species-specific fluorescently
labelled primers with a single template
Multiplexing aQPCR reaction mixtures were set up as Section 6.2.9. Each sample contained
one DNA template with a concentration of 33ng per species and three aQPCR species-specific
primers. The amplification profile was as described in Section 6.2.9.
6.2.11 Multiplex aQPCR amplification using three sets of fluorescence labelled primers on
different combinations of templates
Multiplexing aQPCR reaction mixtures were set up as Section 6.2.10. For each sample
containing three sets of species-specific primers to P. neglectus, P. penetrans and P. thornei, a
total of 3μM of anti-primer was added. Each sample contained either two or three DNA
template (33ng/DNA template was added) and the amplification profile was as described in
Section 6.2.9.
MAD PCR
Invitrogen DNA Taq Polymerase (Invitrogen Pty Ltd, Australia) was first used for MAD PCR
follow by OneTaq® DNA Polymerase (New England Biolabs Inc., Australia), MyTaq DNA
Polymerase (Bioline Pty Ltd, Australia) and KlenThermPlatinum™ DNA polymerase Taq
(GeneCraft, Germany). However, results using the Taq polymerase were not ideal (data not
shown). Following testing, Hemo Klen Taq (New England Biolabs Inc., Australia) was used for
all MAD PCR reaction.
6.2.12 Melt curve analysis of MAD PCR products using different C3 inserted primers
Melt curve analysis is undertaken after PCR amplification, and involves changing the
temperature of the tube from 45ºC-75ºC whilst measuring the fluorescence. The latter changes
when multiplex anti-primer separates from PCR products (‘melts’). Two C3 linkers were
inserted after 11bp, 13bp, 14bp and 15bp of the sequence and the melt temperature was
recorded. MAD PCR sample reaction mixtures were made up a total reaction of 20μL with a
final concentration of: 1 X Hemo KlenTaq reaction buffer, (New England Biolabs Inc.,
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Australia), 0.2mM dNTPs, (Invitrogen Pty Ltd, Australia), 3mM KCl, 1μM of forward primer
and 1.67μM of reverse primer and 3μM of multiplex anti-primer (Table 21 and 24), 2μL Hemo
KlenTaq (New England Biolabs Inc., Australia), DNA extract of 70ng was also added with the
total MAD PCR reaction mixture volume made up with deionised PCR grade water. Samples
with C3 inserted primers were melted on a Corbett Rotor-Gene RG-3000 (Corbett Research,
Australia). Each sample contained P. neglectus, P. penetrans and P. thornei specific primers.

The MAD PCR amplification profile was: 95ºC for 3 min followed by 30 cycles of 95ºC for 60
sec, 56ºC for 30 sec, 72ºC for 20 sec and fluorescence reading at FAM channel at 48ºC for 20
sec. After 30 cycles, a final extension of 20 min at 72ºC was followed by a hold temperature at
45ºC for 3 min to cool down the samples before starting the melt profile. After amplification,
melt analysis reading of fluorescence at the FAM channel was performed, data collected at a
gain of 1 and initial 90 sec wait before the temperature was ramped from 45ºC to 75ºC, rising by
1ºC each step at an interval of 3 sec.
6.2.13 MAD PCR multiplexing using a combination of two different C3 inserted primers
Combinations of reactions were set up using primer linkers in different positions denoted by
numbers of bases (‘P11’, ‘P13’, ‘P14’ and ‘P15’, Table 25). Patterns of combinations were
studied using melt analysis and recorded. MAD PCR reaction and amplification profiles were
set up as described in Section 6.2.12. However, each sample contained two sets of forward
(1μM for each template) and reverse (1.67μM for each template) primers per reaction and 6μM
of multiplex anti-primer (Table 21 and 24). To each sample, DNA of two targets were added in
different combinations (P. neglectus and P. penetrans; P. neglectus and P. neglectus; P.
neglectus and P. thornei; P. penetrans and P. neglectus; P. penetrans and P. thornei).
Table 25: Multiplexing with two different primer combinations.
Primers

P13

P14

P15

P11

P11/P13

P11/P14

P11/15

P13/P14

P13/15

P13
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6.2.14 MAD PCR multiplexing using a combination of three different C3 inserted primers
Combinations of reactions were undertaken using ‘P11’, ‘P13’, ‘P14’ and ‘P15’ primers (Table
26). Patterns of the multiplex combinations were studied using melt analysis and recorded.
MAD PCR sample reaction and amplification profiles were set up as per Section 6.2.12.
However, each sample contained three sets of forward (1μM for each template) and reverse
(1.67μM for each template) primers per reaction and 9μM of multiplex anti-primer (Table 21
and 24). To each sample, DNA of three targets was added (P. neglectus, P. penetrans and P.
neglectus; P. neglectus, P. penetrans and P. thornei).
Table 26: Multiplexing with three different primer combinations.
Primers
P11/P13

P14
P11/P13/P14

P15
P11/P13/P15

6.2.15 Agarose Gel Electrophoresis
PCR amplicons were separated and visualized on 1.7% agarose gels (Bio-Rad Laboratories,
Australia) mixed with SYBR® safe DNA gel stain (Invitrogen Pty Ltd, Australia). Ten
microlitres of PCR product was mixed with 2μL of Blue/Orange 6 X loading dye (Promega
Corp, Australia) before separation by electrophoresis with 1X Tris-acetate acid-EDTA (TAE)
buffer. Five microliters of 50bp or 100bp molecular weight marker (New England Biolabs Inc.,
Australia and Promega Corp, Australia) was used as a size standard and the electrophoresis was
run at 68V for 70 min on a Bio-Rad Wide Mini-Sub Cells™. DNA bands in gels were visualized
using a Dark Reader® DR-88M transilluminator (Clare Chemical Research, US).
6.2.16 MAD PCR simulation profiles
Two ‘simulation’ melt profiles were constructed using Microsoft Office Excel 2007. The
simulation melt curves are based on the individual measured melt curves for each primer pair
set, for both unincorporated primer and incorporated products. In duplex or multiplex reactions,
these curves can be combined to give an expected profile for different combinations of primer
pairs. This is the ‘ideal’ or ‘simulated’ profile, which can then be compared to the actual profiles
generated in duplex or triplex assays. In addition, the simulated curves can be used to identify
unicorporated primer peaks in the absence of their target DNA.
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6.3 Results for aQPCR technology and MAD PCR
Three species of Pratylechus (P. neglectus, P. penetrans and P. thornei) were detected by
aQPCR and MAD PCR. For aQPCR detection, fluorescently labelled primers were used which
were specific for each species. Multiplex detection was also set up by combining three
fluorescently labelled species-specific primers together for each nematode species.
Amplification profiles were generated during PCR cycles from the fluorescence present.
Detection using aQPCR technology was restricted to the number of channels on the qPCR
machine. A workflow for the development of aQPCR detection is presented in Figure 22.
For MAD PCR within a single channel, multiple detection can be extended. Unlike aQPCR
where detection is based on the fluorescence generated during PCR cycles, MAD PCR detection
is based on melt analysis instead. Since each primer has the same fluorescent label but a
different C3 inserted position, the melt point of each primer was taken from a derivative of the
fluorescence as a function of temperature (dF/dT). A work flow for the development of MAD
PCR detection is presented in Figure 23. Results generated from aQPCR and MAD PCR are
presented below.

Figure 22: Flow diagram for development of aQPCR technology to detect P. neglectus, P. penetrans
and P. thornei.
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Figure 23: Flow diagram for development of MAD PCR using different C 3 inserted primers.

Results generated using aQPCR technology
6.3.1 PCR using ITS species-specific primers for P. neglectus, P. penetrans and P. thornei
To evaluate primer specificity, species-specific primers to P. neglectus, P. penetrans and P.
thornei were used to amplify ITS2 DNA by PCR from these three species plus DNA from P.
zeae as the control. The results showed that the primers were specific and there was no
amplification of P. zeae DNA (no band was detected in Lane 5). Amplicon products of the three
species were separated by agarose gel and the sizes were 77bp, 91bp and 86bp, which were of
the expected sizes. The bands were only present when species-specific primers were used with
DNA from the appropriate species (Figure 24).
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Figure 24: Agarose gel for three Pratylenchus species using species-specific primers showing ITS2
region amplicon bands of the expected sizes (77bp, 91bp and 86bp; close to 100bp). 5μL of 100bp
molecular weight marker (Promega Corp, Australia) was used (M). Lane 1, P. neglectus; Lane 2, P.
penetrans; Lane 3, P. thornei; Lane 4, P. zeae and Lane 5, PCR negative control (no DNA template).
A: P. neglectus specific primers; B: P. penetrans specific primers, and C: P. thornei specific primers.

6.3.2 PCR using species-specific primers without fluorescent labels
To check the specificity of primers when sequences for the anti-primer binding site were added
to the 5’ primer, amplification was studied for four species of RLNs (P. neglectus, P. penetrans,
P. thornei and P. zeae). The amplicons produced for P. neglectus, P. penetrans and P. thornei
were slightly larger in size than those shown in Figure 24 because of the addition of the antiprimer binding sequences to the specific primers (Figure 25). Otherwise, adding anti-primer
binding sequences to specific primer did not affect their amplification specificity.

Figure 25: Agarose gel for three Pratylenchus species using species-specific primers with antiprimer binding sites added, showing amplicons of ITS2 region bands of the expected sizes. 5μL of
100bp molecular weight marker (NEB Inc., Australia) was used (M). Lane 1, P. neglectus; Lane 2,
P. penetrans; Lane 3, P. thornei; Lane 4, P. zeae and Lane 5, negative control. A: P. neglectus
specific primer with anti-primer binding site; B: P. penetrans specific primer with anti-primer
binding site, and C: P. thornei specific primer with anti-primer binding site.

6.3.3 Multiplex PCR using three species-specific primers for each nematode species
To ensure that primers did not cross-react in a multiplex system, P. neglectus, P. penetrans and
P. thornei species-specific primers with anti-primer binding sequences were combined and
amplified with DNA from four nematode species (P. neglectus, P. penetrans, P. thornei and P.
zeae). To each assay, one DNA template was added together with all three species-specific
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primers plus anti-primer binding sites set up in a single multiplex system. The results showed
that the largest PCR product was amplified from P. penetrans followed by P. thornei then P.
neglectus. These results were consistent with previous results (6.3.1 and 6.3.2). Only one
amplicon product of expected size was generated for each species (Figure 26), showing that in
each case there was no cross-reactivity between primer sets.

Figure 26: Agarose gel for three Pratylenchus species with each sample containing three sets of
species-specific primers, showing bands of ITS2 region amplicons of the expected sizes (≥100bp).
10μL of 50bp molecular weight marker (NEB Corp, Australia) was used (M). Lane 1, P. neglectus;
Lane 2, P. penetrans; Lane 3, P. thornei; Lane 4, P. zeae and Lane 5, negative control.

6.3.4 aQPCR amplification using different fluorescently labelled species-specific primer
These experiments showed that when fluorescent labels were added to primers, there was still
species-specific detection. This was followed by aQPCR and measurement of fluorescence
using different channels of the qPCR machine. The results showed clear aQPCR amplification
of different species using fluorescently labelled species-specific primers (AntiPnF 5’TET,
AntiPpF 5’Cy5 and AntiPthF 5’FAM). Each nematode species was detected using different
species-specific primers: Yellow/TET (P. neglectus), Red/Cy5 (P. penetrans) and Green/FAM
(P. thornei) channels (Figures 27-29).
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Figure 27: Amplification profile for P. neglectus using AntiPnF 5’TET species-specific primer.
Yellow/TET channel was used for P. neglectus and negative control detection. The Green line
represents the amplification for sample with P. neglectus DNA, and the Blue line for sample with no
DNA template.

Figure 28: Amplification profile for P. penetrans using AntiPpF 5’Cy5 species-specific primer.
Red/Cy5 channel was used for P. penetrans and negative control. The Blue line represents the
amplification for sample with P. penetrans DNA, and the Purple line for sample with no DNA
template.
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Figure 29: Amplification profile for P. thornei using AntiPthF 5’FAM species-specific primer.
Green/FAM channel was used for P. thornei and negative control. The Blue line represents the
amplification for sample with P. thornei DNA, and the Brown line for sample with no DNA
template.

The aQPCR products from each species obtained with fluorescently labelled species-specific
primers were also separated by agarose gel electrophoresis. The size of PCR amplicons of each
species was as expected and consistent with those of the previous sections (6.3.1, 6.3.2 and
6.3.3). P. penetrans PCR amplicon was the largest, followed by P. thornei and P. neglectus.
ITS2 amplicons produced were around 100bp and the gel is presented in Figure 30.

Figure 30: Agarose gel of amplicons from three Pratylenchus species with each sample amplified
with a fluorescently labelled species-specific primer, showing bands of the ITS2 region amplicons of
expected sizes (≥100bp). 10μL of 50bp molecular weight marker (NEB Corp, Australia) was used

(M).Lane 1, P. neglectus; Lane 2, P. penetrans; Lane 3, P. thornei; Lane 4, P. neglectus negative
control; Lane 5, P. penetrans negative control; Lane 6, P. thornei negative control.
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6.3.5 Multiplexing aQPCR amplification profiles using three sets of fluorescently labelled
species-specific primers with specific nematode DNA
A multiplex reaction was set up to detect P. neglectus, P. penetrans and P. thornei at the same
time. Amplicons from DNA of each nematode species were detected using a combination of
AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM primers. Amplification was detected in
the Yellow/TET (P. neglectus), Red/Cy5 (P. penetrans) and Green/FAM (P. thornei) channels
(Figure 31). Thus, there was no cross reaction or interference between each amplification set in
this multiplexed reaction.

Figure 31: aQPCR amplification profiles from three nematode templates with three sets of primers
(AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). P. neglectus, P. penetrans and P. thornei
were detected using the Yellow, Red and Green channels respectively while no template control
appears as a flat line.

The aQPCR products from each nematode species (P. neglectus, P. penetrans and P. thornei)
amplified with three sets of fluorescently labelled species-specific primers were also separated
on agarose gels (Figure 32). The sizes of ITS2 PCR amplicons of each sample was as expected
and consistent with previous results (6.3.1, 6.3.2, 6.3.3 and 6.3.4) where P. penetrans PCR
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amplicon was the largest followed by those of P. thornei and P. neglectus. Again, there was no
cross reactivity between primers or non-specific amplification.

Figure 32: Agarose gel of aQPCR products amplified from three Pratylenchus species, with three
sets of fluorescently labelled species-specific primers showing bands of the ITS2 amplicons of
expected sizes. Lane 1, P. neglectus; Lane 2, P. penetrans; Lane 3, P. thornei; Lane 4, negative
control.

6.3.6 Multiplex aQPCR amplifications using different combinations of DNA templates
To further test the specificity of the multiplex aQPCR system with different combinations of
template DNA, AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM primer sets were
combined and used to amplify different combinations of nematode DNA. The aQPCR results
presented in Figures 33-36 show different combinations of DNA templates. Figure 33: P.
neglectus and P. penetrans; Figure 34: P. neglectus and P. thornei; Figure 35: P. penetrans and
P. thornei; Figure 36: mixture of three nematode DNAs amplified using three sets of primers.
The amplification was detected in Yellow/TET (P. neglectus), Red/Cy5 (P. penetrans) and
Green/FAM (P. thornei) channels.
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Figure 33: Amplification profiles for P. neglectus and P. penetrans using three sets of specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). P.
neglectus and P. penetrans were detected using the Yellow (P. neglectus) and Red (P. penetrans) channel with the no template control shown as a flat line. The Green
channel with the flat line shows that P. thornei was not present.
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Figure 34: Amplification profiles on P. neglectus and P. thornei using three sets of specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). P.
neglectus and P. thornei were detected using the Yellow (P. neglectus) and Green (P. thornei) channel with the no template control shown as a flat line. The Red
channel with the flat line shows that P. penetrans was not detected.
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Figure 35: Amplification profiles on P. penetrans and P. thornei using three sets of specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). P.
penetrans and P. thornei were detected using the Red (P. penetrans) and Green (P. thornei) channel with the no template control shown as a flat line. The Yellow
channel with the flat line shows that P. neglectus was not detected.
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Figure 36: Amplification profiles on DNA from three species using three sets of specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). P.
neglectus, P. penetrans and P. thornei were detected using the Yellow (P. neglectus), Red (P. penetrans) and Green (P. thornei) channel with the no template control
shown as the flat line.
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The aQPCR products from these multiplex tests were separated on an agarose gel, with results
presented in Figure 37. Each amplified product was generated using different combinations of
nematode DNA and three sets of fluorescently labelled species-specific primers. The size of
PCR amplicons of each DNA combination were as expected. In Figure 37, each of lanes 1, 2
and 3 contained amplicons from two nematode species, and for lane 4 the band contains
amplicons from three nematode species. The increased band widths reflect these combinations
of amplicons.

Figure 37: Agarose gel of different nematode DNA combination with each sample using three sets
of fluorescently labelled species-specific primers showing amplicons of ITS2 bands for the different
DNA combination. 10μL of 50bp molecular weight marker (NEB Corp, Australia) was used (M)
Lane 1, P. neglectus and P. penetrans; Lane 2, P. neglectus and P. thornei; Lane 3, P. penetrans and
P. thornei; Lane 4, Mixture of all species; Lane 5, Negative control of P. neglectus and P. penetrans;
Lane 6, Negative control of P. neglectus and P. thornei; Lane 7, Negative control of P. penetrans and
P. thornei; Lane 8, Negative control of all species.

Results generated using ‘MAD’ PCR
For each set of experiments, the multiplex MAD PCR results are presented in the following
format. 1: the actual combination profiles using primer sets. 2: Predicted (‘Simulated) profiles in
the presence of target DNA. 3: Predicted (‘Simulated) profiles in the absence of one target DNA.

6.3.7 Melt analysis using MAD PCR primer
Following the systematic testing of aQPCR for target DNA specificity, melt analysis was
studied as a way of increasing multiplexing. After PCR amplification of target DNA, melt
analysis was conducted using different primer pairs (‘P11’, ‘P13’, ‘P14’ and ‘P15’) to generate
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different melt profiles. The fluorescence of each melt peak was detected as the derivative of the
fluorescence as a function of temperature (dF/dT). The results presented in Figures 38-41 show
successful conversion of each unincorporated peak to the product peak.

The melt profile using ‘P11’ primers always appeared as two peaks at 48ºC and 52ºC, while the
unincorporated primer peak melted at 63ºC (Figure 38). For ‘P13’ primers, a small peak always
appeared at 49ºC with a major peak at 56ºC and the unincorporated peak at 62ºC. However, in
all cases, the small peak produced by ‘P13’ primers always appeared to be smaller than the first
peak of P11. The ‘P14’ primers product peak always appeared at 60ºC with the unincorporated
peak melting at 63ºC. The ‘P15’ product peak usually appeared to be broader and melted at
61ºC, while the incorporated peak melted at 64ºC.

Figure 38: Melt profile using P11 primers and P11 negative control (unincorporated peak) with no
DNA template. P11 product peaks specific for P. neglectus are shown in Blue while the
unincorporated peak with no DNA template is in Black. In all cases, two product peaks were always
present when P11 primer was used. The unincorporated peak is characteristically sharper than the
product peaks.
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Figure 39: Melt profile from ‘P13’ primers and ‘P13’ negative control with no DNA template. ‘P13’
product peaks specific for P. penetrans are shown in Red and the unincorporated peak with no
template is shown in Blue. In any case, ‘P13’ always produced two peaks, but significantly different
from peaks generated from P11. The first ‘P13’ peak was always smaller than the first peak of P11,
and the unincorporated peak was always sharper than the product peaks.

Figure 40: Melt profile from ‘P14’ primers and ‘P14’ negative control with no DNA template. ‘P14’
product peak specific for P. neglectus is shown in Green and the unincorporated peak with no
template is shown in Black. The unincorporated peak was always sharper than the product peak.
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Figure 41: Melt profile from ‘P15’ primers and ‘P15’ negative control with no DNA template. ‘P15’
product peak is shown in Purple and the unincorporated peak is shown in Brown. The
unincorporated peak was always sharper than the product peak.

6.3.8 Melt analysis of duplex system and simulation profiles
Different primer combinations (Table 25) were set up in a duplex system and subjected to melt
analysis after the amplification cycles. The results presented below show: (1) the profiles
generated from combination of two primer sets; (2) the simulated profiles generated from
combinations of two primer sets; (3) simulated profiles generated using single target DNA
template with combinations of two primer sets.

In all cases, unincorporated peaks were converted into product peaks (Figure 42, 45, 48, 51 and
54). Simulation profiles of each selected primer combination are presented in this order:
combination of product peaks from selected primer pair (Figures 43, 46, 49, 52 and 55) and
simulation profiles generated from combinations of single product peaks and unincorporated
peaks (Figure 44, 47, 50, 53 and 56).

Using primer sets ‘P11’ and ‘P13’
In this part, primer sets ‘P11’ and ‘P13’ were combined to detect two targets and the profiles are
presented in Figure 42. The melt profiles for ‘P11/P13’ primer sets always exhibited three clear
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peaks at 48ºC, 52ºC and 56ºC. The small ‘P13’ peak was always covered by the first ‘P11’ peak
at 48ºC. The black line is the combination of ‘P11’ and ‘P13’ peaks, while the red and yellow
lines represent ‘P11’ and ‘P13’ individually. The blue line is the unincorporated ‘P11/P13’ peak
which was mainly made up of unincorporated ‘P11’ primers at 63ºC. Although there might have
been slight interactions between the ‘P11’ and ‘P13’ primers, which produced a smaller peak at
56ºC, as compared to the product peaks, this peak is not significant. The role of the negative
control in MAD PCR is as an indicator to show the melt temperature of the unincorporated
primers.

Figure 42: Melt profiles of ‘P11’ and ‘P13’ primer products in a duplex system. The Black line
represents the combination of ‘P11’ and ‘P13’ sets with the Red arrows indicating the melt point of
each primer. The Red line represents ‘P11’ product peaks while the Yellow line represents the
product peak of ‘P13’. The unincorporated peak is represented by the Blue line, and consists
mainly of ‘P11’ unincorporated primer although slight interaction between primers occurred.

Simulation duplex profiles for ‘P11’ and ‘P13’ were also created to show what a realistic profile
should look like (Figure 43). The purple line in Figure 43 resembles the black line in Figure 42.
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Figure 43: Simulation of melt profiles for ‘P11’ and ‘P13’ in a duplex system. Combination of ‘P11’
and ‘P13’ are represented by the Purple line while ‘P11’ and ‘P13’ product peaks are represented
by the Red and Green lines respectively.

In Figure 44, if DNA template for ‘P13’ was not added to the MAD PCR reaction, the joint
profiles of ‘P11’ and ‘P13’ should consist of ‘P11’ product and a sharp unincorporated peak of
‘P13’.
4.00E+00
3.50E+00
3.00E+00
2.50E+00
2.00E+00

P11

1.50E+00

P13 Neg

1.00E+00

P11 and P13 Neg

5.00E-01

-5.00E-01

40.25
42.25
44.25
46.25
48.25
50.25
52.25
54.25
56.25
58.25
60.25
62.25
64.25
66.25
68.25
70.25
72.25
74.25

0.00E+00

-1.00E+00
Figure 44: Simulation melt profiles for ‘P11’ and ‘P13’ negative control in a duplex system. The
combination of ‘P11’ product and ‘P13’ negative control peak are represented by the Green line.
The product peaks of ‘P11’ are shown in Blue and the unincorporated peak for ‘P13’ is shown in
Red.
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Using primer sets ‘P11’ and ‘P14’
In this part, amplicons using primers ‘P11’ and ‘P14’ were combined to detect two DNA targets
and the resultant melt profiles are presented in Figure 45. The melt profiles for ‘P11/P14’
always appeared with three significant peaks at 48ºC, 52ºC and 60ºC. The red line is the
combination of ‘P11’ and ‘P14’ melt profiles, while the blue line represents the unincorporated
peak of ‘P11/P14’, which melts at 63ºC. It is clear that the unincorporated peak was fully
converted into product peaks since the red line showed no peak at 63ºC.

Figure 45: Melt profiles for ‘P11’ and ‘P14’ in a duplex system. The Red line represents the
combination of ‘P11’ and ‘P14’ peaks with the Red arrows indicating the melt point of each primer.
The unincorporated peak is represented by the Blue line, which consists of unincorporated primers
from both ‘P11’ and ‘P14’.

Although the actual profiles did not have as sharp peaks as those in the simulated duplex
profiles of ‘P11’ and ‘P14’, the patterns of both profiles are similar (Figure 45 and 46). The red
line in Figure 45 resembles the green line in Figure 46.
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Figure 46: Simulation of melt profiles for ‘P11’ and ‘P14’ in a duplex system. Combination of ‘P11’
and ‘P14’ are represented by the Green line while ‘P11’ and ‘P14’ product peaks are represented
by the Red and Blue lines respectively.

In Figure 47, with no DNA template for ‘P14’, the joint profiles of ‘P11’ and ‘P14’ should
consist only of ‘P11’ product peaks and a sharp unincorporated peak from ‘P14’ and not a broad
product peak as shown in Figure 45 and 46.
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Figure 47: Simulation melt profiles for ‘P11’ and ‘P14’ negative control in a duplex system. The
combination of ‘P11’ product and ‘P14’ negative control peaks are represented by the Green line.
The Blue line is the product peak for ‘P11’ and the unincorporated primer peak for ‘P14’ is shown
in Red.
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Using primer sets ‘P11’ and ‘P15’
In this part, ‘P11’ and ‘P15’ were combined in a multiplex system for two DNA targets and the
melt profiles are presented in Figure 48. Usually, the product peaks of ‘P11’ melt at 48ºC and
52ºC, which are shown below. As for the ‘P15’ product peak, the product usually melts at 61ºC.
However, in this duplex experiment, the melt temperature for ‘P11/P15’ was recorded at 48ºC,
52ºC and 63ºC (instead of 61ºC). The black line is the combination of ‘P11’ and ‘P15’ while the
blue line represents the unincorporated peak of ‘P11/P15’. The red and purple lines represent
‘P11’ and ‘P15’ respectively. The increase in temperature of the ‘P11/P15’ duplex is probably
due to the interaction of ‘P11’ and ‘P15’ primers. Although the unincorporated peaks consist of
‘P11’ and ‘P15’ primers, the profile recorded at 64ºC derives from the unincorporated ‘P15’
primers.

Figure 48: Melt profiles of ‘P11’ and ‘P15’ in a duplex system. The Black line represents the
combination of ‘P11’ and ‘P15’ with the Red arrows indicating the melt point of each primer. The
Red line represents ‘P11’ product peaks while the Purple represent the product peak of ‘P15’.
Unincorporated peak represented by the Blue line mainly consist of ‘P15’ unincorporated primer.

Although the melt temperature for ‘P15’ in Figure 48 increased slightly, the pattern of
simulation profiles of ‘P11’ and ‘P15’ (green line, Figure 49) is similar to the black line in
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Figure 48. However, the simulated profiles of ‘P11’ and ‘P15’ showed a drop in fluorescence
between ‘P11’ second product peak and the ‘P15’ product peak (Figure 49).
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Figure 49: Simulation of melt profiles for ‘P11’ and ‘P15’ in a duplex system. Combination of ‘P11’
and ‘P15’ are represented by the Green line while ‘P11’ and ‘P15’ product peaks are represented
by the Blue and Red lines respectively.

In the absence of ‘P15’ DNA template, the unincorporated ‘P15’ peak with no template was
always sharp in contrast to the product peak of ‘P15’, which was broad (Figure 50). In addition,
the signal strength of the unincorporated peak was always stronger than product peak.
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Figure 50: Simulation of melt profiles for ‘P11’ and ‘P15’ negative control in a duplex system. The
combination of ‘P11’ product and ‘P15’ negative control peaks are represented by the Green line.
The product peaks of ‘P11’ are shown in Blue and the unincorporated peak for ‘P14’ is shown in
Red.
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Using primer sets ‘P13’ and ‘P14’
In this part, ‘P13’ and ‘P14’ primer pairs were combined and the melt profiles are shown in
Figure 51. Usually, the combined melt profiles for ‘P13/P14’ (green line) appeared with three
peaks at 49ºC (red line), 56ºC (red line) and 60ºC (blue line). The unincorporated primer peak
for ‘P14’ melts at 63ºC (Section 6.3.7). However, in this experiment, a trace of ‘P14’ transition
peak was identified at 61ºC (blue and green lines). This may be the transition phase between the
unincorporated and product peak, in which ‘P14’ was not fully converted. The unincorporated
peak was recorded at 62ºC which is mainly due to the ‘P13’ primer.

Figure 51: Melt profiles of ‘P13’ and ‘P14’ in a duplex system. The Green line represents the
combination of ‘P13’ and ‘P14’ with the Red arrows indicating the melt point of each primer. The
Red line represents ‘P13’ product peaks while the Blue line represents the product peak of ‘P14’.
Unincorporated peak of ‘P13’ with no template is represented by the Black line.

Simulated duplex of the ‘P13’ and ‘P14’ profiles (Figure 52) appears to be sharper than the
actual profiles (Figure 51). This might be due to the unincorporated peak from ‘P14’ (Figure 51)
that was not fully converting to the product peak.
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Figure 52: Simulation of melt profiles for ‘P13’ and ‘P14’ in a duplex system. Combination of ‘P13’
and ‘P14’ are represented by the Green line while ‘P13’ and ‘P14’ product peaks are represented
by the Blue and Red lines respectively.

In the absence of ‘P14’ product peak, ‘P13’ and the unincorporated ‘P14’ with no template
should produce the profiles shown in Figure 53, where ‘P13’ has a broader peak while the
unincorporated ‘P14’ peak always appears sharp.
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Figure 53: Simulation of melt profiles for ‘P13’ and ‘P14’ negative control in a duplex system. The
combination of ‘P13’ product and ‘P14’ negative control with no template peak are represented by
the Green line. The product peaks of ‘P13’ are shown in Blue and the unincorporated peak for ‘P14’
is shown in Red.
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Using primer sets ‘P13’ and ‘P15’
In this part, ‘P13’ and ‘P15’ were combined in a multiplex system to target two DNA templates
and melt profiles are presented in Figure 54. The melt profiles for ‘P13/P15’ (black line) appear
with three peaks at 49ºC, 56ºC and 61ºC. The unincorporated peak which should consist of both
‘P13’ and ‘P15’ unincorporated peaks was absent. In all cases, only the ‘P15’ unincorporated
peak was present with a melt peak at 64ºC.

Figure 54: Melt profiles of ‘P13’ and ‘P15’ in a duplex system. The Black line represents the
combination of ‘P13’ and ‘P15’ with the Red arrows indicating the melt point of each primer. The
Red line represents unincorporated peak which mainly consists of unincorporated ‘P15’ primer.

In Figure 55, although the simulated duplex profiles of ‘P13’ and ‘P15’ appear to have reduced
fluorescence between the two peaks, it is not as obvious in Figure 54.
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Figure 55: Simulation of melt profiles for ‘P13’ and ‘P15’ in a duplex system. A combination of
‘P13’ and ‘P15’ are represented by the Green line while ‘P13’ and ‘P15’ product peaks are
represented by the Blue and Red lines respectively.

In Figure 56, it is clear that ‘P11’ and ‘P14’ product peaks were not present and in the absence
of the ‘P15’ product peak, the profile patterns of ‘P13’ and the sharp ‘P15’ unincorporated no
template peak should look like Figure 56.
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Figure 56: Simulation of melt profiles for ‘P13’ and ‘P15’ negative control in a duplex system. The
product peaks of ‘P13’ are shown in Blue and the unincorporated peak with no template for ‘P15’
are shown in Red. The combination of ‘P13’ product peaks and ‘P15’ negative control peak are
represented by the Green line.
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6.3.9 Melt analysis of three different combinations in a multiplex system
In this part, multiplexing using three different primer combinations (Table 26) to detect three
DNA targets was set up and subjected to melt analysis after amplification. The combination of
three primers complicated the melt analysis. Because of the interaction of three different primer
sets, not all unincorporated peaks were converted into product peaks (Figure 57). In other cases,
unincorporated peaks were fully converted to product peaks (Figure 60).
Simulation profiles of each selected combination are presented in this order: combination of
three product peaks of selected primers (Figure 58 and 61) and combination of single product
peak and unincorporated peak (Figure 59 and 62).
Using primer sets ‘P11’, ‘P13’ and ‘P14’
Results from combining three primers (‘P11’, ‘P13’ and ‘P14’) to detect three DNA targets are
presented in Figure 57. The multiplex melt profiles for ‘P11/P13/P14’ (black line) appears with
four peaks at 48ºC, 52ºC, 56ºC and 60ºC (black line). Individual peaks are shown in red (‘P11’),
green (‘P13’) and blue (‘P14’). However, a trace of ‘P13’ unincorporated peak 62ºC was present
in the product peak. The unincorporated profile was made up of ‘P11’, ‘P13’ and ‘P14’ primers
but only ‘P11’ and ‘P14’ melt temperatures were recorded at 63ºC.
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Figure 57: Melt profiles of ‘P11’, ‘P13’ and ‘P14’ in a multiplex system. The Black line represents
the combination of ‘P11’, ‘P13’ and ‘P14’ with the Red arrows indicating the melt point of each
primer. Individual ‘P11’ peaks are represented by the Red line; ‘P13’ peaks are represented by the
Green line; and the Blue line as ‘P14’. Purple line represents unincorporated peak which mainly
consists of ‘P11’ and ‘P14’ unincorporated primers.

Based on the actual multiplex profiles for ‘P11’, ‘P13’ and ‘P14’, both ‘P13’ and ‘P14’ peaks
were not as obvious as in the simulated profiles (Figure 58). However, the results from the
actual and simulated profiles definitely show that ‘P15’ produce peak was not detected.
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Figure 58: Simulation of melt profiles for ‘P11’, ‘P13’ and ‘P14’ in a multiplex system.
Combination of ‘P11’, ‘P13’ and ‘P14’ are represented by the Purple line while ‘P11’, ‘P13’ and
‘P14’ product peaks are represented by the Blue, Red and Green lines respectively.
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In the absence of ‘P14’ produce peak, the profile pattern with unincorporated ‘P14’ with no
template is shown in Figure 59. This profile is distinctly different from the profile with ‘P14’. In
all cases, all unincorporated peaks produced sharp peaks unlike the product peaks.
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Figure 59: Simulation of melt profiles for ‘P11’, ‘P13’ and ‘P14’ negative control with no template
in a multiplex system. The product peaks of ‘P11’ and ‘P13’ are shown in Blue and Red
respectively. The unincorporated peak with no template for ‘P14’ is shown in Green and the
combination of ‘P11’ and ‘P13’ product peaks with ‘P14’ negative control peak are represented by
the Purple line.

Using primer sets ‘P11’, ‘P13’ and ‘P15’
Results from multiplexing using three primers (‘P11’, ‘P13’ and ‘P14’) to detect three DNA
targets are presented in Figure 60. The combination of ‘P11/P13/P15’ melt profiles show four
distinct peaks at 48ºC, 52ºC, 56ºC and 61ºC (green line) with no sign of the unincorporated peak
in the multiplex profiles. Individual peaks are shown in black (‘P11’), red (‘P13’) and purple
(‘P15’). The unincorporated peak (blue line) melted at 64ºC originated from ‘P15’ although the
unincorporated profiles were made up of ‘P11’, ‘P13’ and ‘P15’ primers.

155

6: aQPCR AND MAD PCR

Figure 60: Melt profiles of ‘P11’, ‘P13’ and ‘P15’ in a multiplex system. The Green line represents
the combination of ‘P11’, ‘P13’ and ‘P15’ with the Red arrows indicating the melt point of each
primer. Individual ‘P11’ peaks are represented by the Red line; ‘P13’ peaks are represented by the
Blue line; and the Black line as ‘P15’. The Pink line represents unincorporated peak which mainly
consisted of ‘P15’ unincorporated primer.

The simulated profiles with the combination of three different primers (‘P11/P13/P15’), as
shown in Figure 61, is similar to the actual profiles (Figure 60). Both profiles show that between
‘P13’ and ‘P15’, there is a drop in fluorescence and that proves that the ‘P14’ melt point was not
detected.

1.4

1.2
1
0.8

P11

0.6

P13

0.4

P15

0.2

P11/P13/P15
74.25

72.25

70.25

68.25

66.25

64.25

62.25

60.25

58.25

56.25

54.25

52.25

50.25

48.25

46.25

44.25

42.25

-0.2

40.25

0

-0.4
Figure 61: Simulation of melt profiles for ‘P11’, ‘P13’ and ‘P15’ in a multiplex system.
Combination of ‘P11’, ‘P13’ and ‘P15’ are represented by the Purple line while ‘P11’, ‘P13’ and
‘P15’ product peaks were represented by the Blue, Red and Green lines respectively.
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In the absence of ‘P15’ product peak, but with ‘P15’ unincorporated primers with no template
present, there should be a sharp peak (from ‘P15’ unincorporated with no template) with a sharp
decrease of signal (Figure 62). This profile is different from ‘P11/P13/P15’ which mainly
consists of broad peaks (Figure 60).
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Figure 62: Simulation of melt profiles for ‘P11’, ‘P13’ and ‘P15’ Negative with no template in a
multiplex system. The product peak of ‘P11’ and ‘P13’ are shown in Blue and Red respectively. For
the unincorporated peak with no template for ‘P15’ is shown in Green and the combination of ‘P11’
and ‘P13’ product peaks with ‘P15’ negative control peak were represented by the Purple line.

6.4 Discussion
In this Chapter, systematic studies were undertaken to define two new approaches to nematode
detection, aQPCR and MAD PCR. Using the aQPCR technology, it was clearly shown that
three nematode species can be detected in a single qPCR run using three different fluorescently
labelled primers (Section 6.3.8). Since many qPCR machines have the capacity to detect up to
six channels, and if the primers for six different targets do not cross react, then it would be
possible to detect up to six species using the six different channels in a single tube in aQPCR
run.
Without further analysis, using the aQPCR technology, results can be collected within 2.5 hr.
This technique helps save time in a biosecurity context and is cost effective compared with
other fluorescence detection techniques. The reason using aQPCR is cost-effective compared
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with TaqMan qPCR is that it reduces the cost from labeling each specific probe with a
fluorophore and a quencher. The aQPCR technology, thus, becomes significantly cheaper when
used as a high-throughput assay. It is concluded that the use of aQPCR technology in multiplex
systems to detect plant-parasitic nematodes is simple, robust and cost effective when compared
with conventional qPCR techniques.
Following successful development of aQPCR technology, the modification of aQPCR to a deep
multiplex system (MAD PCR) was studied. The aim was to extend detection up to 18 species
per tube instead of the previously proposed of six species using six channels. By inserting C 3
linkers at different positions in the primer, MAD PCR could be developed to become an even
more cost effective and powerful multiplex system.
The first finding in the MAD PCR study was that using Invitrogen Recombinant Taq
Polymerase peaks in melt analysis were broad. Following this observation, other Taq
polymerases such as OneTaq® DNA Polymerase (New England Biolabs Inc., Australia) and
MyTaq DNA Polymerase (Bioline Pty Ltd, Australia) were tested (data not shown). However,
the results appeared to be similar to those using Invitrogen Taq. The explanation is probably a
result of the 5’ to 3’ exonuclease activity of Taq polymerase, which can cleave the 5’ terminal
nucleotides of double stranded DNA and create mono- and oligonucleotides. The C3 linkers
prevent further DNA synthesis and create an overhang, and this fork-like structure is a preferred
substrate for Taq polymerase to cleave (Holland et al. 1991). To minimise the effects of 5’ to 3’
exonuclease activity, as suggested in Holland et al., (1991), KlenThermPlatinumTM DNA
Polymerase Taq (GeneCraft, Germany) was used instead. KlenThermPlatinumTM also bypasses
the 5’-3’ exonuclease domain of the DNA polymerase-encoding gene. However, this Taq is
expensive and not widely available. Therefore, a cheaper alternative, HemoKlen Taq was
chosen for this work.
The theoretical melt temperature for the ‘P11’ primer set was 50.8ºC. However, when melt
analysis was done, there were two peaks of 48ºC and 52ºC. The difference in theoretical melt
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temperature and actual melt analysis temperature was also observed using ‘P15’ where the melt
temperature was 61ºC, which was slightly lower than the theoretical temperature (63ºC).
Amplicons from primers with C3 blocks at different positions resulted in PCR products with
different lengths and melt temperatures. The purpose of the C3 linker is to create a multiplex
anti-primer overhang, stopping the multiplex anti-primer from annealing to the single strand
PCR product beyond C3 linkers. Use of DNA polymerase can terminate extension 4-6
nucleotides upstream of the template strand (Greagg et al. 1999). If the termination of extension
was 4-6 nucleotides, this may have allowed the multiplex anti-primer overhang to loop over the
C3 linkers and bind to the primer sequence which, therefore, increased the melt temperate for
some primers.
If the observation by Greagg et al. (1999) applies here, it could explain the melt temperatures of
‘P11’ and ‘P15’. The ‘P11’ melt temperature observed was probably a result of weak binding
between the multiplex anti-primer and ‘P11’. Since during PCR, DNA synthesis by Taq
polymerase might terminate before reaching the C3 linkers, 4-6 nucleotides may be left unbound.
In this situation, not all 11 nucleotides of the forward primer bind to the multiplex anti-primer.
This would explain the first peak of the two peaks of the melt curve for ‘P11’. The second melt
peak for ‘P11’ probably results from the multiplex anti-primer overhang looping over the C3
linkers and binding to the primer sequence beyond the linkers, since Taq polymerase terminated
earlier preventing synthesis of PCR product. As for ‘P15, the lower melt temperature indicates
that not all the 15 nucleotides were bound by the multiplex anti-primer, resulting in a broader
peak for ‘P15’ than for other primers.
The melt profile from ‘P13’ was similar to that of ‘P11’, except that in the ‘P13’ pattern the first
peak was smaller than the second peak. This differs from ‘P11’ in which both peaks were equal
in value, or with the first peak being only slightly smaller than the second peak. As a result of a
duplex or triplex combination including either ‘P11’ or ‘P13’ primers, the unique profiles from
each of ‘P11’ or ‘P13’ can be identified.
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In the duplex combination, the melt temperature of unincorporated ‘P14’ was 63ºC while the
‘P15’ product peak melted at 62ºC. The ‘P14’ unincorporated peak was always sharp and large
while the ‘P15’ product peak was always broad. In the situation where ‘P15’ is present and ‘P14’
unincorporated peak was not fully converted into product peak, there is a ‘false negative’ profile
in which the unincorporated ‘P14’ masks the ‘P15’ product peak. Therefore, this combination of
primers should be avoided.
In the combination of ‘P11/P13’ there were distinct melt profiles and it was clear that neither
‘P14’ nor ‘P15’ was present. When combining ‘P11’ and ‘P14’ together, this profile clearly
showed the absence of ‘P13’ or ‘P15’. As for ‘P13’ and ‘P15’, there is a gap between their
specific peaks which was not seen between the ‘P11’ and ‘P13’ combination. With the ‘P13/P15’
combination, ‘P11’ and ‘P14’ were clearly absent. Although the combination ‘P13/P14’ might
have a trace of unincorporated ‘P14’ not fully converting into product peak, the pattern of
‘P13/P14’ was not seen in other combinations. In all cases, the combination of ‘P11/P15’ is
unsuitable. In this profile, unincorporated ‘P15’ was always present and did not fully convert
into product peaks. This situation is probably a result of an interaction between primers.
In the triplex results, the combination of ‘P11/P13/P15’ was a better combination to use than the
‘P11/P13/P14’ combination. This is surprising, because there appeared to be cross reaction
between ‘P11’ and ‘P15’ primer sets, but when the three primer sets were mixed together, cross
reaction appeared to have been prevented by the third primer. The idea is to produce clear
profiles with unincorporated peaks completely converted to product peaks. However, the
combination of ‘P11/P13/P14’ might not be the best combination since there was always one
large unincorporated primer peak present in the profile.
In summary, MAD PCR technology in a multiplex system developed to detect plant-parasitic
nematodes has been demonstrated successfully, such that it is possible to detect up to three
species using a single channel by changing the C3 linker position. Compared with the aQPCR
technique, this technology is more cost effective since three targets can be detected using a
single fluorescence label in a single channel in a single tube. The time taken to complete the
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analysis is less than 3 hr. This study has demonstrated proof of concept of this technique. With
further refinement, it has the potential to be applied to detect 18 nematode species (using 6
channels based on 3 species per channel) of biosecurity concern in a single tube and could well
be applied to diagnostic studies of other plant pathogens.
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Chapter 7: DNA isolation rapid technique (soil) - DIRT(s)

7.1 Introduction
One issue that needs to be tackled in undertaking molecular diagnostic tests for nematodes is the
extraction of their DNA from soil. Extraction of DNA from soil is particularly problematic
because of the presence of inhibitors that may interfere with PCR amplification. When
extracting DNA from soil or plant materials, followed by PCR, special treatments are typically
required for such samples because of the presence of such inhibitors (Plaza et al. 2004;
Schneegurt, Dore, and Kulpa Jr. 2003; Smalla et al. 1993; Yeates et al. 1998). The amount of
soil used for DNA extraction is usually limited to less than 100g (Burgmann et al. 2001; Smalla
et al. 1993) because the type of soil, especially those of high humic and fulvic acids content,
affect the quality of DNA extracted from soil (Schneegurt, Dore, and Kulpa Jr. 2003). Because
of this, multiple steps may be required to purify DNA. However, there are studies using ‘bead
beating’ methods and an unpublished method which is used for PreDicta B DNA based soil
testing that start with more than 100g of soil for DNA extraction (Anonymous 2009; Yeates et
al. 1998).
When many samples need to be collected during a field survey for nematodes, the amount of
soil used for DNA extraction is important. Samples of 100g of soil from a few locations would
not give a good representation of the nematodes present. When the target organisms are present
in low numbers, non-representative sampling could lead to false negative conclusions.
To improve the process of extracting DNA from soil for nematode diagnostics, a blender-based
system has been developed and this is described in more detail in Section 7.2. In essence it
involves blending soil, filtering an aliquot and capturing DNA on a column. The whole process
takes 2-3 min, and is then followed by PCR, such that extraction from soil and PCR can be
completed within 4 hours. This new technique, which we refer to as ‘DNA Isolation Rapid
Technique’ from soil, DIRT(s) is described in this Chapter (we envisage this approach can be
applied to other diagnostic situations, in which case the suffix (s) could be replaced by another
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letter, such as (g) for grain). Soil or plant samples infected with nematodes typically require
more than a day to several weeks to extract the nematodes using a mist chamber, followed by
nematode DNA extraction and analysis. The aim of the work in this Chapter was to demonstrate
the efficiency of the DIRT(s) technique compared with typical nematode extraction methods,
and to achieve faster and possibly better results.

7.2 Materials and Methods
7.2.1 Infecting host plants with different Pratylenchus spp.
Three pots of wheat plants (cv. Magenta) were infected with RLNs and grown in a growth
chamber for 4 weeks before soil was extracted. Potting mix materials and treatment of soil were
described in Chapter 2.The conditions of the growth chamber were set at 12 hrs of light at
16°C and 12 hrs of dark at 7°C. Each pot was infected with one species of nematode (ca 20,000
nematodes) of either P. neglectus, P. penetrans or P. thornei.
7.2.2 DNA extraction using different techniques
Nematode DNA was extracted either from nematodes collected from samples in a mist chamber
(see below) (Hooper 1986; Viglierchio and Schmitt 1983) or by DIRT(s) (this Chapter). The
mist chamber method involved using a mist chamber to extract the nematodes, followed by
DNA extraction using DNeasy Blood and Tissue extraction kit (Qiagen Pty Ltd, Australia). In
the DIRT(s) method a customised blender was used to macerate the soil or plant materials in
soil extraction buffer (SEB), and DNA was collected on a Qiagen Generation Capture Column
(Qiagen Pty Ltd, Australia). For each sample, nematodes in 30g of potting mix which also
contain some roots were used as the test sample.
Mist extraction
Potting mix (30g) and/or infected roots were placed on a funnel with three coffee filters to
prevent soil from flowing through. The mist was set to spray for 10 sec every 10 min.
Nematodes from the infected soil move out from the soil, go through the filters and are retained
in the collection tube (Hooper 1986; Viglierchio and Schmitt 1983). After nematode collection,
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nematode DNA was extracted with a DNeasy Blood and Tissue extraction kit (version July,
2007, Qiagen Pty Ltd, Australia).
DIRT(s) Extraction
Nematode DNA was extracted using a commercial blender (Waring commercial blending
machine, Dynamics Corporation of America, U.S.A) with customised attachments (Figure 63).
The blender lid incorporated a one way valve where samples mixed with SEB were filtered
through the filter and up into the syringe before being injected into and captured by the capture
column. The capture column was a Qiagen Generation Capture Column (Qiagen Pty Ltd,
Australia) on which the DNA was retained. SEB contained: 100mM Tris, 20mM EDTA pH 8·0
and 1.37M NaCl were used as buffer to extract the DNA.
150 ml of SEB was added to the soil plus roots sample and blended for 20 sec in two bursts. For
the first 10 sec, the sample was blended at low speed, followed by a high speed blend for the
next 10 sec. After blending, a 50mL syringe was attached to the lid to draw in 10mL of blended
filtered sample, which was then pumped slowly through the capture column. This step was
repeated to ensure maximum capture of nematode DNA on the column. After pumping through
20mL of blended sample, 10mL of 1 X diluted SEB was used to wash the column. The syringe
(without buffer) was used to air dry the column by injecting air through it twice. Samples on the
column were incubated for 15 min at room temperature before using the Qiagen Generation
Capture Column kit (Qiagen Pty Ltd, Australia). Purification of DNA was as per the
manufacturers recommended protocol (version April, 2010).
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Figure 63: Blender set up of DIRT(s) extraction technique. (A): Blender with lid closed; (B): Lid of
the blender with filter, capture column and column catch. Buffer with samples is sucked through
the filter and into the syringe, and then pushed down through the capture column. The column
catch prevents the capture column from dropping off when pumping the extraction buffer through
it; (C): Syringe attached to the blender. There is one way valve in the lid that ensures there is no
backflow of buffer.

7.2.3 aQPCR and MAD PCR primers
aQPCR and MAD PCR were used with nematode species-specific primers to amplify nematode
DNA extracted from infected soil samples, either using the mist chamber or DIRT(s) technique.
For both aQPCR and MAD PCR, reverse primers were as presented in Table 21 (Chapter 6).
aQPCR forward primers used were described in Table 23 (Chapter 6) and MAD PCR primers
were presented in Table 24 (Chapter 6).
7.2.4 Taq polymerase used for aQPCR and MAD PCR
For both mist chamber and DIRT(s) extraction, the initial Taq polymerase used for aQPCR and
MAD PCR was Invitrogen DNA Taq Polymerase (Invitrogen Pty Ltd, Australia) followed by
Hemo Klen Taq (New England Biolabs Inc., Australia). However, results using either
polymerase were not ideal because soil inhibitors affected the PCR reaction (data not shown).
The KAPA3G Plant DNA Polymerase (KAPA Biosystems, U.S.A) was then chosen for routine
use, since this Taq was not affected by soil inhibitors (results presented below).
7.2.5 aQPCR amplification using species-specific primers
DNA extracted from nematodes isolated using the mist chamber with the Qiagen Blood and
Tissue extraction kit and DIRT(s) were used for aQPCR amplification. DNA extracted
previously in Chapter 6 using the Qiagen Blood and Tissue extraction kit was used as positive
control. The aQPCR reaction mixture was made up to a total reaction of 50μL with final
concentration: 1X KAPA Plant PCR Buffer, (KAPA Biosystems, U.S.A), an 0.5mM MgCl2 was
added to make a final concentration of 2mM (KAPA Biosystems, U.S.A), 1 unit of KAPA3G
Plant DNA Polymerase (KAPA Biosystems, U.S.A), 1.5μM anti-primer, 0.3μM each of forward
primer and reverse primer (Table 21 and 23, Chapter 6) and 1 X KAPA Plant PCR Enhancer
(KAPA Biosystems, U.S.A). 2μL of DNA extract was added and the total PCR reaction mixture
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volume made up with deionised PCR grade water. The aQPCR reaction was performed on a
Corbett Rotor-Gene RG-3000 (Corbett Research, Australia) and the amplification profile was: 3
min at 95ºC; 40 cycles of 1 min at 95ºC, 30 sec of 56ºC, 30 sec of 72ºC and 48ºC for 20 sec for
reading fluorescent at TET, Cy5 and FAM channels. Data were collected at a gain of 7 for green
channel, and 5 for both red and yellow channels. After the cycling, a final extension of 20 min
was set at 72ºC.
7.2.6 Multiplexing aQPCR amplification using DIRT(s) extracted DNA
DNA extracted using the DIRT(s) technique was assayed by aQPCR. The set up was as in
Section7.2.5 except 0.2μM of each forward primer and reverse primer was used for each
species and 4.5μM of anti-primer (Table 21 and 23, Chapter 6). DNA extracts of 2μL for each
species were also added and the total aQPCR reaction mixture volume made up with deionised
PCR grade water. Each sample contained three sets of P. neglectus, P. penetrans and P. thornei
specific primers. The amplification profile was set up as described in Section 7.2.5.
7.2.7 Multiple MAD PCR amplification using DIRT(s) extracted DNA
The MAD PCR reaction mixture was set up as described (Section 7.2.5). However, an
additional 3mM KCl was added. MAD PCR primers used were 0.3μM of forward primer and
0.6μM of reverse primer for each species and 2.7μM of multiplex anti-primer (Table 21 and 24).
Each sample contained three sets of specific primers and three species of DNA.
The amplification profile was set up as in Section 7.2.5 using only the FAM channel. After the
72ºC final extension of 20 min, MAD PCR reactions were held at 45ºC for 3 min. The melt
analysis reading of fluorescence of the FAM channel was then carried out and data collected at a
gain of 1 and initial 90 sec wait before the temperature ramp from 40ºC to 75ºC rising by 0.5ºC
each step at an interval of 3 sec.
7.2.8 Agarose Gel Electrophoresis
PCR amplicons were separated and visualized on 1.7% agarose gels (Bio-Rad Laboratories,
Australia) mixed with SYBR® safe DNA gel stain (Invitrogen Pty Ltd, Australia). Ten
microlitres of PCR product was mixed with 2μL of Blue/Orange 6 X loading dye (Promega
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Corp, Australia) before electrophoresis in 1X Tris-acetate acid-EDTA (TAE) buffer was used.
The size standard (5μL) was 50bp molecular weight marker (New England Biolabs Inc.,
Australia) and electrophoresis was carried out at 68V for 70 min in a Bio-Rad Wide Mini-Sub
Cells™. DNA bands in gels were visualized using a Dark Reader® DR-88M transilluminator
(Clare Chemical Research, US).

7.3 Results for DIRT(s) technology and mist chamber extraction
In this section, the two different DNA extraction techniques (mist chamber and DIRT(s)
technique) were compared and results are presented in two parts. The first part focuses on
different DNA extraction techniques using aQPCR for detection, while the second focuses on
MAD PCR using DNA extracted by the DIRT (s) technique.
7.3.1 aQPCR using mist chamber and Qiagen Blood and Tissue extracted DNA with
different species-specific primers
In this section, samples infected with nematodes were first extracted using the mist chamber and
then nematode DNA was extracted using the Qiagen Blood and Tissue extraction kit. Extracted
nematode DNA was used for aQPCR analysis using different fluorescent labelled speciesspecific primers. The aQPCR results show amplification of different species using different
fluorescent labels (for P. neglectus, forward primer was TET labelled; for P. penetrans, forward
primer was Cy5 labelled; for P. thornei, forward primer was FAM labelled). The amplifications
were detected in Yellow/TET (P. neglectus), Red/Cy5 (P. penetrans) and Green/FAM (P.
thornei) channels and are presented in Figures 64-66.
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Figure 64: Amplification profile on Yellow/TET channel for P. neglectus using AntiPnF 5’TET
species-specific primer. DNA extracted from P. neglectus sample is indicated by the Red Line and
the positive control is shown as the Yellow line. The black line is the negative control with no DNA
template.

Figure 65: Amplification profile on Red/Cy5 channel for P. penetrans using AntiPpF 5’Cy5 speciesspecific primer. DNA extracted from P. penetrans sample is presented by the Black line and the
positive control is shown as the Red line while the Pink line is the negative control with no DNA
template.
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Figure 66: Amplification profile on Green/FAM channel for P. thornei using AntiPthF 5’FAM
species-specific primer. P. thornei extracted DNA sample is shown as the Brown line, the Grey line
is the positive control while the Green line is the negative control.

aQPCR products from each species amplified using different fluorescently labelled speciesspecific primers were separated on agarose gel to confirm the identity of each species. aQPCR
products of three root lesion species (P. neglectus, P. penetrans and P. thornei) were amplified
and the ITS2 region amplicons produced using species-specific primer with ‘anti-primer’
binding site were approximately 100bp, which was of the expected size. Species specific bands
were observed as shown in Figure 67.

Figure 67: Agarose gel of nematodes extraction in mist chamber and Qiagen Blood and Tissue
extracted sample using different fluorescent labelled species-specific primers and aQPCR
amplification products. Amplicon bands of ITS2 region and ‘anti-primer’ binding site were of the
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expected sizes (77bp, 91bp and 86bp; close to 100bp). Lane 1, P. neglectus DNA extracted from
infected soil; Lane 2, P. neglectus positive control; Lane 3, P. neglectus PCR negative control; Lane
4, P. penetrans DNA extracted from infected soil; Lane 5, P. penetrans positive control; Lane 6, P.
penetrans PCR negative control; Lane 7, P. thornei DNA extracted from infected soil; Lane 8, P.
thornei positive control; Lane 9, P. thornei negative control; Lane M, 50bp Molecular weight
marker (NEB Inc., Australia).

7.3.2 aQPCR using DIRT (s) extracted DNA with different species-specific primers
DNA was extracted from nematode infected samples using the DIRT (s) technique. Extracted
DNA was then used for aQPCR analysis using fluorescent labelled species-specific primers.
The results presented in Figure 68-70 were generated using Yellow/TET (P. neglectus),
Red/Cy5 (P. penetrans) and Green/FAM (P. thornei) channels to detect different fluorescent
labels attached to each species-specific primer.

Figure 68: Amplification profile on Yellow/TET channel for P. neglectus using AntiPnF 5’TET
species-specific primer. P. neglectus sample is shown using the Red Line and the Yellow line is the
positive control. Soil negative control with no nematodes is the Blue line and negative control with
no DNA template is the Purple line.
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Figure 69: Amplification profile on Red/Cy5 channel for P. penetrans using AntiPpF 5’Cy5 speciesspecific primer. P. penetrans sample is the Pink line, and the positive control is the Blue line. The
soil negative control with no nematode is the Green line and negative control with no DNA template
is the Black line.

Figure 70: Amplification profile on Green/FAM channel for P. thornei using AntiPthF 5’FAM
species-specific primer. P. thornei sample is the Green line and positive control is the Pink line. The
Black line is the soil negative control with no nematode and the Red line is the negative control with
no nematode DNA.
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To confirm the identity of each species, aQPCR products from each species with different
fluorescently labelled species-specific primers were separated by agarose gel. aQPCR products
of the three root lesion nematode species (P. neglectus, P. penetrans and P. thornei) were
amplified and amplicons of ITS2 region were approximately 100bp, which was the expected
size. Species specific bands were observed as shown in Figure 69.

Figure 71: Agarose gel of DIRT (s) extracted sample using different fluorescent labelled speciesspecific primer aQPCR amplification products. Amplicon bands of ITS2 region and ‘anti-primer’
binding site were of the expected sizes (77bp, 91bp and 86bp; close to 100bp). 5μL of 50bp
molecular weight marker (NEB Inc., Australia) was used (M). Lane 1, P. neglectus DNA extracted
from infected soil; Lane 2, P. neglectus positive control; Lane 3, P. neglectus soil control; Lane 4, P.
neglectus PCR negative control; Lane 5, P. penetrans DNA extracted from infected soil; Lane 6, P.
penetrans positive control; Lane 7, P. penetrans soil control; Lane 8, P. penetrans PCR negative
control; Lane 9, P. thornei DNA extracted from infected soil; Lane 10, P. thornei positive control;
Lane 11, P. thornei soil control; Lane 12, P. thornei PCR negative control.

7.3.3 Multiplexing aQPCR using DIRT(s) extracted DNA from each nematode species
After establishing the system using nematodes extracted in the mist chamber, then processed
with Qiagen Blood and Tissue extract, a ‘baseline’ was established. A multiplex system was
then set up using the DIRT (s) extraction technique. aQPCR results are presented in Figure 72
showing templates of the different species using a combination of three sets of fluorescent
labelled species-specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). The
amplifications were detected in Yellow/TET (P. neglectus), Red/Cy5 (P. penetrans) and
Green/FAM (P. thornei) channels (Figure 72).
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Figure 72: Amplification profiles for three channels (Yellow, Red and Green) for P. neglectus, P.
penetrans and P. thornei using specific template with combination of three sets of fluorescent
labelled species-specific primers (AntiPnF 5’TET, AntiPpF 5’Cy5 and AntiPthF 5’FAM). For the
Yellow channel, two lines representing P. neglectus DNA extracted from infected soil and P.
neglectus positive control while all the flat lines represents soil with no nematodes, negative control
with no DNA template or non-target samples. For the Red channel, the two lines represent P.
penetrans DNA extracted from soil and P. penetrans positive control. Flat lines were soil with no
nematodes, negative control with no DNA template or non-target samples. The Green channel
represent two lines showing P. thornei DNA extracted from soil and positive control. Flat lines were
soil with no nematodes, negative control with no DNA template or non-target samples.

Different specific templates were tested using three different sets of fluorescent labelled speciesspecific primers (AntiPnF 5’TET, AntiPpF 5’Cy5, AntiPthF 5’FAM). Positive results presented
in Figure 73 appear only using specific templates. Using fluorescently labelled species-specific
primers with anti-primer binding site generated ITS 2 region amplicons approximately 100bp,
which was of the expected size.
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Figure 73: Agarose gel of aQPCR products of the DIRT (s) extracted sample using combination of
three different fluorescent labelled species-specific primers and aQPCR amplification. Amplicon
bands of ITS2 region and ‘anti-primer’ binding site were of the expected sizes (77bp, 91bp and
86bp; close to 100bp). 5μL of 50bp molecular weight marker (NEB Inc., Australia) were used (M).
Lane 1, P. neglectus DNA extracted from infected soil; Lane 2, P. neglectus positive control; Lane 3,
P. neglectus soil control; Lane 4, P. neglectus PCR negative control; Lane 5, P. penetrans DNA
extracted from infected soil; Lane 6, P. penetrans positive control; Lane 7, P. penetrans soil control;
Lane 8, P. penetrans PCR negative control; Lane 9, P. thornei DNA extracted from infected soil;
Lane 10, P. thornei positive control; Lane 11, P. thornei soil control; Lane 12, P. thornei PCR
negative control.

7.3.4 Multiplex MAD PCR using DIRT(s) extracted DNA
Two multiplex MAD PCR reactions were set up using three sets of MAD PCR primers
(‘P11/P13/P15’ and ‘P11/P13/P14’). DIRT(s) extracted DNA was used to determine if MAD
PCR is compatible with DIRT(s) extracted samples. As for Section 6.3.9, three targets were to
be detected using melt analysis. A combination of three sets of primers will be used for
amplification followed by product melts at different temperatures, showing different peaks.
DIRT(s) extracted samples using ‘P11/P13/P15’ primer combinations
The results presented in Figure 74 were generated from the primer set combination of
‘P11/P13/P15’. Out of three species (P. neglectus, P. penetrans and P. thornei), only two
species (P. neglectus (48°C and 52°C) and P. penetrans (56°C)) were detected based on the
pattern/peaks generated from melt analysis. The ‘P15’ peak for P. thornei was absent and the
two explanations for this absence are; (1) P. thornei product peak was masked by the
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unincorporated primer peak mainly contributed by ‘P15’ unincorporated primer (64°C); (2) poor
conversion of ‘P15’ peak leading to the absent of peak.

Figure 74: Melt profile of ‘P11’, ‘P13’ and ‘P15’ multiplex test for FAM channel with Red arrows
representing each primer product peak and the unincorporated primer peak. Two ‘P11’ peaks and
one ‘P13’ peak are present.

DIRT(s) extracted samples using ‘P11/P13/P14’ primer combination
For the combination of ‘P11/P13/P14’, a strong unincorporated peak was shown using melt
analysis, but product peaks were not picked up from this primer combination (results not
shown). This was probably due to the poor conversion of unincorporated peaks to product peak
or insufficient sample used for the conversion.

7.4 Discussion
In a routine diagnostics situation, 1-2 days to several weeks are required to extract nematodes
from infected plant or soil samples using a mist chamber or Whitehead tray. After extraction,
and if there are no nematode taxonomists available, samples might need to be sent to other
laboratories for identification, which would require at least another 3-4 days. If an ‘online’
diagnostics expert is available, at least the latter delay could well be avoided. Although
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nematode DNA can be extracted for PCR, the time taken to extract nematode DNA from the
soil or plants may range from a few hours to several days depending on the sources of the
sample. Therefore, the development of a rapid procedure to extract nematode DNA, such as the
DIRT(s) system can significantly reduce the time taken to identify a species to less than four
hours from the extraction of nematode DNA to obtaining the final results.
Comparing the mist chamber extraction method and DIRT(s) technique, the results from the
latter method appear to be comparable in terms of sensitivity. Separating organic materials from
nematodes using coffee filters and then extracting DNA, probably results in ‘cleaner’ extracts
with fewer inhibitory compounds than the DIRT (s) technique. However, with the DIRT(s)
method, the total time taken is very significantly reduced. Speeding up nematode detection is
important from a biosecurity perspective, and this new approach, therefore, appears valuable for
biosecurity applications.
Using the DIRT (s) extraction technique, out of the 150mL buffer plus infected soil and plant
materials, only 20mL of extract was filtered through the column. That is approximately 13% of
the total volume. Hence, using the DIRT (s) method may underestimate the actual number of
nematodes present in a sample. However, if more extract were pumped through the column this
would significantly increase the detection power. In any case, the sample taken is representative
of the total soil sample, since it will have been mixed well during blending.
Before using KAPA 3G Plant DNA Polymerase, two other Taq polymerase - Recombinant Taq
Polymerase (Invitrogen Pty Ltd, Australia) and Hemo KlenTaq (New England Biolabs Inc.,
Australia) were used with the DIRT(s) extraction method. However, both recombinant Taq and
HemoKlen Taq did not give reproducible results possibly as a result of presence of inhibitory
substances in soil. This was overcome for DIRT(s) extraction with aQPCR technology and
MAD PCR by using KAPA 3G Plant DNA Polymerase, which enabled PCR analysis of
nematodes from soil samples after extracting DNA using the blender.
When the DIRT(s) technique was used with MAD PCR primers, the combination of ‘P11’, ‘P13’
and ‘P14’ primers did not produce strong signals. This might be due to cross reaction between
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primers, and a poor conversion of the unincorporated peak to product peaks (‘P11’, ‘P13’ and
‘P14’). In contrast, the combination of primer pairs ‘P11’, ‘P13’ and ‘P15’ enabled successful
detection of ‘P11’ and ‘P13’ peaks, while the ‘P15’ peak might have been masked by the large
unincorporated peak. Although only ‘P11’ and ‘P13’ peaks were detected using DIRT(s)
extracted samples and MAD PCR, duplex analysis can be run using only a single channel for
each tube.
aQPCR amplification could be used to generate quantitative values based on the cycle threshold
value (CT). However, the aim of the work in this Chapter was to develop the DIRT(s) procedure
and to compare the time taken for the mist chamber extraction with that required for the DIRT(s)
method. Connecting the CT values of aQPCR to an equivalent ‘number of nematodes’ present
was not done, because the DNA content of nematodes vary, and a separate study just on this
aspect would have to have been undertaken.
The final results of this work, combining extraction of DNA from nematode infected soil
samples with molecular identification, has the potential to be developed as a package for a rapid
nematode diagnostics in a field situation. Further development of aQPCR technology or MAD
PCR assays significantly increases the potential to detect more species in a sample and is
probably more cost effective than the normal qPCR. It is suggested that both aQPCR technology,
MAD PCR and DIRT(s), can be developed further to provide useful new approaches to detect
and diagnose nematodes in biosecurity applications.
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Chapter 8: General Discussion

8.1 Overview
The two major themes of this research on detection of plant-parasitic nematodes using
molecular techniques were; diagnostics based on DNA, or protein biomarkers. Nematode
diagnostics based on the ITS region is now widely used and it has been validated and extended
in this work. To complement this approach, protein based studies were undertaken using
MALDI-TOF MS and 2D gel electrophoresis. In addition, for use in the field, a package has
been developed to extend DNA based nematode diagnostics. This comprised a combination of
aQPCR or the MAD PCR assay and the DIRT(s) DNA extraction technique. The DIRT(s)
extraction technique combined with aQPCR was tested successfully using infected plant and
soil samples. With six channels of a qPCR machine, up to six species could be analysed. Further,
with MAD PCR technology, up to 18 species could be multiplexed in the future using six
channels of a qPCR machine, and this would further extend this approach.

8.2 Biosecurity issues
As described in Chapter 1, plant-parasitic nematodes are the fourth most important plant pests
worldwide, with global annual crop losses estimated at US$157 billion. Although plant-parasitic
nematodes do not move more than a few metres in the soil on their own, they have nevertheless
been transported effectively from their places of origin to most regions around the world,
including Australia, mainly as a result of human activities. For example, potato cyst nematodes
evolved with potatoes in the high Andes of South America, but one or both of the two species
are now present in most potato growing areas of the world. Australia is, therefore, at increased
risk of exotic nematode incursions as a result of expanding global trade. Examples of current
biosecurity and quarantine problems for Australia include G. rostochiensis and G pallida. The
former is present in Victoria and New Zealand, but has been eradicated from WA. The soybean
cyst nematode, H. glycines is another biosecurity risk nematode.
There is, therefore, a need to maintain vigilance and expertise in this field, to prevent possible
new incursions or establishment of trade barriers caused by nematode infestation, and to
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generate new knowledge that in time can be applied to their eradication if they are present. The
standard method of identifying nematodes is classical taxonomy. However, this highly skilled
method requires a trained taxonomist who is familiar with nematode morphology and
identifying an unknown nematode is time consuming. More recent molecular techniques of
nematode diagnostics have shown promising results for nematode identification. Compared to
classical taxonomic identification, molecular identification has proved to be reliable, and when
molecular diagnostics are used this can significantly reduce the time required to identify
nematodes.

8.3 Development of nematode detection methods
The major aims of this research were to study and compare techniques of nematode
identification (Table 27), develop methods based on protein and DNA analyses, and then to
develop a rapid technique that could be used for onsite screening of possible nematode
incursions.
8.3.1 DNA based tests using the ITS region of rDNA
PCR tests based on known differences in sequences of the ITS region between species work
well. In relation to this, one aspect to consider is the Taq polymerase used to generate ITS
sequences. When Taq polymerase is used, it has relatively low replication fidelity. Normal Taq
polymerase lacks a 3’ to 5’ exonuclease proof-reading activity, and the error rate has been
measured at approximately 1 in every 9,000 nucleotides (Lawyer et al. 1993; Tindall and
Kunkel 1988). Therefore, high fidelity Taq, such as a proof reading Taq, would be a better
polymerase to use. However, the use of a proof-reading Taq polymerase is more expensive than
standard Taq and will substantially increase costs when many samples are analysed.
In relation to sequencing of amplified ITS sequences, an alternative to sequencing directly from
PCR products is cloning target sequences and then sequencing. Cloning involves the
transforming of a specific gene, such as the ITS gene, ligated to a vector into competent cells,
which are then grown overnight at 37ºC. After allowing bacteria to replicate, followed by
digestion to release the target gene, this gene can then be sequenced. Sequencing results
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obtained directly from PCR products might not be as informative as using cloned material. If
the band was not excised properly or contained other bands, which are not separated properly,
this can lead to inaccurate results.
However, using cloned products for sequencing depends on the consensus sequences generated
from a few clones and this could result in sequencing errors. If five clones were sequenced and
one clone appeared to have an ambiguous call at a specific nucleotide position while the other
sets of clones have different nucleotides at that same position, then a general consensus cannot
be used to determine the nucleotide identity. In that case, more clones would need to be
sequenced to generate an exact sequence.
An additional consideration using ITS methods is that a database is normally used for reference.
Databases such as NCBI lack quality assurance and anybody can deposit sequences onto the
database without authentication, leading to possible misidentifications. Apart from quality
assurance, exotic species that are not well studied can be a problem because relevant sequence
information may well not be available. If ITS sequences of exotic species are not available, it
will not be possible to compare sequences without obtaining authenticated specimen samples
and undertaking the required ITS sequencing. Such aspects are a consideration when using ITS
sequences for nematode diagnostics.
8.3.2 Protein diagnostics using MALDI-TOF MS
MALDI-TOF MS is a relatively new approach for nematode identification, and this study
represents the most detailed work done so far on it. It represents the start of this approach,
because mass spectrometers are becoming increasingly user-friendly, more powerful and have
increasingly greater diagnostic capacity. As for other diagnostic techniques, a database of
profiles needs to be generated before this method will become more widely used. Standard
protein profiles need to be generated from authenticated species before an unknown sample can
be identified. In Chapter 4, species-specific protein biomarkers were found for each of the
species studied. This work needs to be expanded, because if there is no additional data to
underpin this approach, identification of new species will be more difficult and the method will
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not achieve its full potential. Nevertheless, this technique requires less than 2 hr from start to the
results and can be scaled up to analysed many samples automatically. The main issue is the
availability of a MALDI-TOF MS and this will restrict its use to laboratory based diagnostics at
present.
Having said that, MALDI-TOF MS is very cost effective for high-throughput diagnostics,
because the protein extraction used is a straightforward process and the chemicals, such as
sinapinic acid are cheap and stable. Only the initial set up cost, that is purchasing a MS, is
expensive.
8.3.3 Protein diagnostics using 2D gel electrophoresis
Although 2D gel electrophoresis of protein extracts, which is usually used to separate complex
protein mixtures, is not widely used for nematode identification, this technique is a good
approach to gain an overview of expressed proteins, and can be used to compare different
proteomes. Once protein biomarkers have been identified and sequenced, these biomarkers can
be developed further for practical devices such as using lateral flow devices. Using a specific
antibody to an antigen, an identified protein can be used as a diagnostic target.
The number of populations or species used in this study was of necessity limited by the ability
to maintain populations. The biomarkers identified are, therefore, candidate biomarkers because
other species not studied might have similar proteins and, therefore, more work is needed to
confirm the general utility of biomarkers found.
Once extracted proteins have been separated on a 2DE gel, staining is required to visualise the
protein spots. There are several different staining methods. The best known is Commassie Blue
staining, with a detection limit of 0.3-1µg. However, the sensitivity is 50 times higher using
silver staining (detection limit 1-10ng). Despite its increased sensitivity, silver staining can be
misleading in terms of the protein concentration in spots, because protein spots stained with
silver stain do not reflect the actual amount present, and this can be a problem for downstream
application such as peptide sequencing. However, if there is no downstream application then

181

8: GENERAL DISCUSSION

silver staining of 2DE gels is better since it is much more sensitive than Commassie Blue
staining.
One problem with silver staining is the development of the gel. To extract more information
from a gel, longer developing times are usually employed. However, by developing longer;
there is a risk that the gel can be over stained. This is the reason why the gels presented
Chapter 5 are darker than would be ideal.
In conclusion, from a biosecurity point of view, 2DE is time consuming and more costly than
any of the other diagnostic tests studied. This is because 2DE is labour intensive and multiple
steps are involved. It is, therefore, only a supporting technique in relation to nematode
diagnostics.
8.3.4 DNA based tests using aQPCR technology
aQPCR has now been successfully demonstrated here as a technique suitable for nematode
diagnostics. Using the qPCR platform, results can be obtained in real time within 2.5 hr without
further analysis. The number of species that can be detected at one time depends mainly on the
number of available channels of the qPCR machine. Apart from normal PCR consumables, an
additional universal primer with a quencher is needed for the reaction.
Specific primers for aQPCR can be designed easily based on existing information available
from the NCBI database on ITS sequences. However, primers need to be fluorescently labelled,
causing them to be more expensive than normal primers. Using aQPCR in a multiplex system
can be developed provided primers do not cross react within a PCR reaction. From a biosecurity
point of view, this technique is promising in terms of the time taken to obtain results, sensitivity
and cost-effectiveness as compared with other qPCR based tests using the TaqMan probe.
When compared with TaqMan, the design of anti-primer use in aQPCR provides better
sensitivity because of lower background due to better quenching of fluorescence. Unlike
TaqMan probes, the cost to set up this system can be reduced since only one anti-primer is
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required, since the BHQ1 quencher can quench fluorescence of FAM, Cy5 and TET
fluorophores.
Although there are many variants of PCR technology, one that has been applied to virus
detection is Luminex. This is based on derivitised fluorescent beads such that each bead colour
provides a signal for specific test. Multiplex diagnostics of up to 7 viruses have been reported
(van Brunschot et al. 2012) using this method. However, it is both more expensive than aQPCR
and requires specific equipment to detect bead colour and to determine the signal generated for
each bead.
8.3.5 DNA based tests using MAD PCR technology
The extension of aQPCR to MAD PCR technology potentially increases the number of species
that can be detected in a single run. aQPCR has the capability to detect up to six species using
six different channels. When MAD PCR is added to that, then three species can be detected in a
single channel by inserting two C3 block at different positions in the primer. With currently
available qPCR machines, this technology can significantly increase the detection capacity to 18
species per three reactions based on 6 channels if a high throughput assay system is required.
The only drawback using this technique is probably the cost of C3 inserted fluorescently labelled
primers. However, primers made can usually be used in small aliquots for a long time, as long
as contamination does not occur. As for the universal primer with the quencher, it can be use for
all reactions and this saves on cost. The PCR consumables are the same as far as a standard
reaction and, therefore, the running costs are relatively low.
8.3.6 DIRT(s) Extraction
DNA based tests making use of the ITS regions using PCR are often labelled as the ‘gold
standard’ for nematode diagnostics. Here, using the ITS region as target, qPCR has been
developed successfully with aQPCR or MAD PCR for nematode detection. A package for use in
the field was developed in which nematode DNA is extracted from infected plant or soil
samples followed by qPCR-based analysis. DNA extracted from infected plant or soil samples
often contains inhibitors, which may inhibit the PCR reaction. In this study, the DIRT(s)
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technique involved extracting nematode DNA from soil/infected plant materials using a blender.
Despite extracting DNA from infected host plants in potting mixes, which have high organic
material content, by careful choice of PCR enzymes and conditions, the PCR reaction was not
inhibited. However, if normal Taq polymerase was used, the results might be less satisfactory.
In this respect an important aspect was that using the KAPA 3G Plant Polymerase, PCR
reactions were not inhibited by compounds that might be present in crude plant or soil samples.
Although the cost of using KAPA 3G Plant Taq Polymerase is greater than for Taq polymerase,
using this polymerase actually leads to a reduction in costs if a high throughput assay is
established.
Comparing the DIRT(s) approach for extracting nematode DNA with extraction methods that
make use of a mist chamber or other collection techniques, the latter take much more time to
extract nematodes from infected samples. In contrast, the DIRT(s) technique is straightforward,
fast and easy to use. Although the DNA from nematodes extracted from a mist chamber might
contain fewer inhibitors, this is not critical since KAPA 3G Taq is used for the PCR reaction.
From a biosecurity point of view, the DIRT(s) technique is a valuable new advance in the quest
to speed up diagnostic tests from soil or plant materials.
Combining the DIRT(s) technique with aQPCR allows detection of up to six nematode species
at once, but with MAD PCR 18 species can be done in a single MAD PCR run. Since DNA was
extracted using a blender, and there are portable qPCR machines available which can be run on
car batteries or using a portable generator, using this set up in the field is entirely feasible.

8.4 Future Directions
After comparing different molecular techniques and developing a package which is suitable for
use in the field, the next step is to investigate quantitative aspects of detection. Currently, using
the DIRT(s) technique with aQPCR or MAD PCR, these applications mainly address the
detection issue. In the future, this approach could be used to quantify the number of nematodes
and make this package not just a biosecurity tool, but also it could be used in other contexts
such as to determine the number of nematodes present in field samples.
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In theory it is possible to do a triplex assay using MAD PCR with purified DNA but when
DIRT(s) - extracted samples were used, it was only possible to detect two species using MAD
PCR within the time available. With further work, it should be possible to increase the
multiplexing with an additional primer set.
To further reduce the time taken for MAD PCR, another parameter to be considered is changing
standard PCR conditions to those for rapid PCR. By changing the cycling temperatures to an
extremely fast setting, the time taken for each temperature step could be significantly reduced.
Rapid cycle PCR increases the speed of PCR by completing 30 cycles in 20 min or less. This is
achieved by changing the conditions to quick denaturation of product and annealing of the
primers so that no ‘holding times’ are required. Rapid cycling could reduce the time required for
PCR be up to 10 times (Wittwer, Fillmore, and Garling 1990). This aspect could be followed up
by collaborating with the Wittwer group from University of Utah Medical School, to whom an
approach for collaboration has been made. Alternatively, microfluidics might be used to speed
up PCR reactions.
More attention is also required to eliminate the presence of unincorporated peaks in MAD PCR.
If these unincorporated peaks can be removed, primers P13 and P14 would probably show a
clearer pattern (Chapter 6). Regarding the product peak, if a sharper peak could be generated
during melt analysis, more primers could be designed with different C3 blocks located at
different positions.
In particular, the DIRT(s) assay can be used in situations where unknown or exotic nematodes
are present. It is envisioned that this technology will be used mainly for biosecurity and
quarantine purposes, where time, sensitivity and accuracy are of the main concern. By
optimising the qPCR analysis, the DIRT(s) extraction can also be used to quantify the nematode
numbers in other situations such as to quantify nematodes in amenity grasses, golf courses, for
turf industries and for surveys for agricultural production industries. A comparison of the
techniques used is provided in tabular form (Table 27) to summarise pros and cons of the
different techniques.
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Table 27: Summary of advantages and disadvantages of different molecular methods used in nematode diagnostics.
ITS using PCR

Advantages

Disadvantages

Comments

- Primers can be designed readily

- Time consuming

- More time is required when PCR products need to be separated on agarose gels

using ITS sequences of nematodes

- Can be expensive

and excised for sequencing. Primers can be designed easily since most nematode

from existing databases

ITS sequences of biosecurity concern have been sequenced.

- Straightforward method using PCR
- Can be applied to identify single
nematode
MALDI-TOF MS

- Results can be obtain within 2 hr

- Initial set up cost

- If MS is used for quarantine purposes, this method has the capacity to generate

- Straightforward method and can be

expensive

results in < 2 hr. However, a more comprehensive database is required before more

set automatically as high throughput

- Laboratory based

generally used.

assay

diagnostics only

- Single cyst analysed

- A broader database is

- Consumables are cheap if MS is

required before it can

available

be applied more widely

- MS are now much faster and can
generate data very rapidly
- Results for single nematodes can be
generated using newer MS
2DE protein

- Informative results can be generated

- Labour intensive

- 2DE requires large number of nematodes for protein extraction. This method is

separation

- Protein biomarkers can be

- Time consuming

time consuming because of numerous steps. Consumables are expensive and lack

sequenced and used for downstream

- Expensive

of reproducibility can sometimes be a problem.

application such as LFDs

- Many nematodes are
required to extract
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sufficient proteins
aQPCR

- Cost effective

- More expensive than

- aQPCR analysis could be done in field and results generated within 2.5 hr

- Multiplex system

standard PCR

compared with standard PCR. One anti-primer required. The anti-primer provides

- Better sensitivity than TaqMan

- Primers can cross

better quenching of fluorescence leading to better sensitivity because of low

- Relatively fast in generating results

react

background than TaqMan PCR. Primers can be species-specific though more

- Can be use in field

expensive than standard PCR. For a multiplex system, primers need to be chosen to

- Compatible with DIRT (s)

avoid cross reaction.

extraction
MAD PCR

- More species can be identified using

- PCR conditions and

- Using MAD PCR, conditions and concentration needs to be optimised, otherwise

single fluorescent label

concentration need to

unincorporated peaks can interfere with the identification of product peak.

- Multiplexing system

be optimise

Compared to aQPCR, MAD PCR require more time to generate results, but has the

- Field applications

- Longer time required

capacity to identify 3 X more species than aQPCR using one fluorescent label. The

- Compatible with DIRT (s)

to generate results (4

cost can be cheaper since single fluorescence label is required.

extraction

hr)

- Could be cheaper than aQPCR
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8.5 Conclusions
In this research project the following outcomes were achieved:


Use of the ITS region from rDNA previously used to identify nematode species was
developed and extended.



New information on the application of protein based tests such as MALDI-TOF MS to
generate protein profiles was generated, including for the nematodes G. rostochiensis
and H. glycines, which are of biosecurity concern for Australia.



2D gel electrophoresis was used to identify differences in protein patterns between
nematodes, enabling identification of protein biomarkers. Such biomarkers could be
used to generate specific antibodies for further development of diagnostic devices such
as Lateral Flow Devices.



For the first time the concept of aQPCR technology has been applied to nematode
identification, and extended to a multiplex test.



Proof-of-concept of MAD PCR has been provided, using different C3 inserted primers
to enable multiplexing.



aQPCR technology has been used to compare DNA amplification sensitivity between
classical mist chamber extracted nematodes and DIRT(s) extracted samples.



The use of the novel DIRT(s) rapid soil extraction technique has been demonstrated
with both aQPCR and MAD PCR in a multiplex system.

8.6 Recommendations
Based on the techniques compared in Table 27, there is significant potential for MALDI-TOF
MS applications to be extended to single nematode diagnostics, especially with the speed and
power of the new generation of mass spectrometers. The cost of MS equipment and the need for
a more comprehensive database limit wider use at present. Of the amplification based
techniques studied, aQPCR presents a new improvement to PCR techniques and has the
advantage of lower cost and more flexibility than, for example, a Luminex bead-based system.
Coupled with DIRT(s) extraction, it is suggested that aQPCR is a future direction to pursue in
the quest to improve and apply molecular diagnostics to biosecurity issues for nematodes.
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Appendix 1: Accessions used in this study. Host and region/country of collection are indicated where known.
Species
P. neglectus
P. neglectus
P. penetrans
P. penetrans
P. thornei
P. zeae
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. glycines
G. rostochiensis
G. pallida
G. rostochiensis
G. rostochiensis
G. rostochiensis
G. rostochiensis
G. rostochiensis
G. rostochiensis
G. rostochiensis

GenBank accession/Code
name
131
264
642
Narrogin
Vic33
Aus/QLD
Cara 1
Cara 2
‘97
Austria
Northam
Geraldton
Warnertown
Melton
Kilkerran
Schooner
Wyalcat
Dongara
SCN Jap
Ro Jp
Pa Nz
Ro Nz
EF622513-EF622531
EF153840
EF153839
GU084809-GU084810
GQ294512-GQ294521,
FJ212162-FJ212164,
FJ212166-FJ212167
EU855120

Host

Region

Pea
Canola
Cauliflower
Oat
Cereal
Sugar Cane
Broccoli and Cabbages
Cabbages
Silver beet and Cabbages
Mustard
Wheat
Wheat
Wheat
unknown
unknown
Barley
Wheat
Wheat
Soybean
Potato
Potato
Potato
Potato
Potato
Potato
Potato
Potato

Mukinbudin/Western Australia
Cadoux/Western Australia
Manjimup/Western Australia
Narrogin/Western Australia
Charlton/Victoria
Queensland
Carabooda/Western Australia
Carabooda/Western Australia
South Perth/Western Australia
Austria
Northam/Western Australia
Geraldton/Western Australia
Warnertown/South Australia
Melton/South Australia
Kilkerran/South Australia
South Australia
South Australia
Dongara/Western Australia
Hokkaido/Japan
Hokkaido/Japan
New Zealand
New Zealand
Australia
UK
USA
Bolivia
Canada

Potato

Poland

Ref
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
In this study
(Quader, Nambiar, and Cunnington 2008)
(Skantar et al. 2007)
(Skantar et al. 2007)
(Grenier et al. 2010)
(Madani et al. 2010)
Nowaczyk, K., unpublished
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G. rostochiensis
G. rostochiensis
G. rostochiensis
G. pallida
G. pallida
G. pallida
G. pallida
G. pallida
G. pallida
G. pallida
G. pallida
G. pallida

G. pallida

G. pallida
G. pallida
G. pallida
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. schachtii

HM159430
AY700060
DQ847117-DQ847120
DQ097514
DQ847111
EU517120
FJ212165, GQ294522GQ294523
HM159428-HM159429
DQ847109-DQ847110
EU006704-EU006706
EU855119
GU084800- GU084801,
GU084811-GU084812,
GU084814-GU084817,
GU084799
GU084802-GU084806,
GU084797-GU084798,
GU084818-GU084819,
GU084813
EF622533
EF153834-EF153837
EF153838
AF274394
AF498389
AY590282
EU616693-EU616694
AY166436
AY166435, AY166437AY166438
AY166439
EF611113-EF611114,
EF611119
EF611100, EF611116,

Oro, V. et. al. unpublished
(Sirca and Urek 2004)
(Subbotin et al. 2000)
Lax, P. et. al., unpublished
(Subbotin et al. 2000)
(Yu et al. 2010)
(Madani et al. 2010)

Potato
Potato
Potato
Potato
Potato
Potato
Potato

Serbia
Slovenia
Russia
Argentina
UK
Canada
Canada

unknown
Potato
Potato
Potato
Potato

Serbia
UK
Peru
Poland
Chile

Potato

Peru

Potato
Potato
Potato
Beta vulgaris
Beta vulgaris
Glycine max
unknown
unknown
unknown

New Zealand
USA
UK
Germany
Iran
USA
Belgium
Morocco
Belgium

unknown
Brassicas

Germany
Australia

(Amiri, Subbotin, and Moens 2002)
(Madani et al. 2007)

unknown

Belgium

(Madani et al. 2007)

Oro, V. and Oro R. V. unpublished
(Subbotin et al. 2000)
(Picard, Sempere, and Plantard 2008)
Nowaczyk, K. unpublished
(Grenier et al. 2010)

(Grenier et al. 2010)

(Quader, Nambiar, and Cunnington 2008)
(Skantar et al. 2011)
(Skantar et al. 2011)
(Subbotin et al. 2001)
(Tanha Maafi, Subbotin, and Moens 2003)
Catal, M. et. al., unpublished
Ou, S. et. al., unpublished
(Amiri, Subbotin, and Moens 2002)
(Amiri, Subbotin, and Moens 2002)
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H. schachtii
H. schachtii
H. schachtii
H. schachtii
H. glycines
H. glycines
H. glycines
H. glycines
H. glycines
H. glycines
H. glycines
H. glycines
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae
H. avenae

H. avenae

EF611104-EF611107,
EF611109-EF611112
EF611115
EF611120-EF611121,
EF611101-EF611102
EF611108, EF611118
EF611103
AF498387
AF274390
AF216579
AY667456
AY590280
EU106167-EU106172
EF611124
HM370412-HM370413,
HM370421
AY148353
AY148354-AY148356
AY148357
AY148358
AF274397
EU106174-EU106165
GQ279367
EU616683-EU616684
HM370415, HM370406,
HM370422
EU616695, EU623625,
EU623630, EU623619,
EU616697, EU623634,
EU623614, EU616690,
EU623606, EU623604,
EU106166, EU623632EU623633
GU377252-GU377253,

unknown
unknown

Germany
Netherlands

(Madani et al. 2007)
(Madani et al. 2007)

unknown
unknown
Soybean
Soybean
unknown
Nicotiana tabacum L.
Soybean
unknown
unknown
unknown

Morocco
France
Iran
USA
USA
China
USA
China
USA
China

(Madani et al. 2007)
(Madani et al. 2007)
(Tanha Maafi, Subbotin, and Moens 2003)
(Subbotin et al. 2001)
(Sui et al. 2000)
Zheng, J. et. al., unpublished
Catal, M. et. al., unpublished
Ou, S. et. al., unpublished
(Madani et al. 2007)
Huang, W. K., unpublished

Cereal
Cereal
Cereal
Cereal
Cereal
Wheat
Wheat
Wheat
unknown

Germany
Spain
France
UK
India
China
China
China
China

(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Ou et al. 2008)
Li, H. et. al., unpublished
Ou, S. et. al., unpublished
Huang, W. K. et. al., unpublished

unknown

China

Ou, S. et. al., unpublished

unknown

China

Wang, X. et. al., unpublished
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H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. filipjevi
H. latipons
H. latipons
H. latipons
H. latipons
P. neglectus
P. neglectus
P. thornei
P. thornei
P. bolivianus
P. penetrans
P. penetrans
P. penetrans
P. penetrans

GU377236-GU377239,
GU377250, GU377245
GU565574-GU565575
AF498380
AY148404
AY148403
AY148401
AY148402
AY148400
AY148397-AY148398
AY148399
AY347922
HM027896-HM027897,
HM027888
HM147946- HM147948
GU083595
GU079654
HM560729
HM370418
HM027892
AF274402
AF498382
AY347925
HM560790
FJ712952-FJ712956
FJ717818-FJ717819
FJ717820-FJ717821
FJ713002-FJ713006
FJ712892-FJ712896
FJ712957-FJ712961
FJ712962-FJ712966
FJ712967-FJ712971
FJ712972-FJ712976

unknown
Wheat
unknown
unknown
unknown
unknown
unknown
unknown
unknown
Wheat
Wheat
Wheat
Wheat
Wheat
unknown
unknown
Wheat
Cereals
Cereals
Elymus repens
unknown
Faba bean
unknown
unknown
Chickpea
Alstromeria sp.
Raspberry
Maize
Apple
unknown

Iran

Iran, Esfahan
Iran, Marvast

Mokaram, A. et. al., unpublished

UK
Russia
Tajikistan
Germany
Turkey
Spain
Italy
China

(Tanha Maafi, Subbotin, and Moens 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Subbotin et al. 2003)
(Madani et al. 2004)
Fu. B. et. al., unpublished

China
China
USA
China
China
China
Syria
Iran
Russia
Jordan
Italy
USA
USA
Spain
UK
Belgium
Belgium
France
Switzerland

Peng, D. et. al., unpublished
(Peng et al. 2010)
(Yan and Smiley 2010)
Peng, D. and Ye, W., unpublished
Huang, W. K. et. al., unpublished
(Li et al. 2010)
(Subbotin et al. 2001)
(Tanha Maafi, Subbotin, and Moens 2003)
(Madani et al. 2004)
Peng, D. and Ye, W., unpublished
Waeyenberge, L., et. al., unpublished
(Palomares-Rius et al. 2010)
(Palomares-Rius et al. 2010)
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
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P. penetrans
P. penetrans
P. penetrans
P. zeae
P. zeae
P. zeae
M. incognita

FJ712977-FJ712981
FJ712982-FJ712986
FJ712987-FJ712991
EU130893-EU130896
EU130889-EU130890
AF303950
GQ395506

Apple
Sour Cherry
Potato
unknown
unknown
unknown
unknown

Spain
USA
USA
South Africa
Japan
unknown
unknown

Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
Waeyenberge, L., et. al., unpublished
(Subbotin et al. 2008)
(Subbotin et al. 2008)
Skantar, A.M., et. al., unpublished
Holterman, M. H. M., et. al., unpublished

Appendix 2: A section of ITS sequences of five clones of P. thornei Vic 33 with sequencing errors (-).
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Appendix 3: Protein profiles of nematode species used in MALDI-TOF MS analysis
Pratylenchus neglectus 131
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Pratylenchus neglectus 264
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Pratylenchus penetrans 642
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Pratylenchus penetrans Narrogin
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Pratylenchus thornei Vic 33
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Pratylenchus zeae 1
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Heterodera schachtii Cara 1
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Heterodera schachtii Cara 2
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Heterodera schachtii ‘97
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Heterodera schachtii Austria
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Heterodera avenae Northam
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Heterodera avenae Geraldton
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Heterodera avenae Dongara
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Heterodera avenae Warnertown
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Heterodera avenae Melton
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Heterodera avenae Kilkerran
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Heterodera avenae Schooner
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Heterodera avenae Wyalkatchem
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Heterodera glycines SCN Jp
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Globodera rostochiensis Ro Jp
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Mixture of 80% P. penetrans and 20% of P. zeae
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Mixture of 60% P. penetrans and 40% of P. zeae
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Mixture of 50% P. penetrans and 50% of P. zeae

216

APPENDICES

Mixture of 40% P. penetrans and 60% of P. zeae

217

APPENDICES

Mixture of 20% P. penetrans and 80% of P. zeae
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Mixture of P. penetrans, P. zeae and P. neglectus in 1:1:1 mixture
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Negative control of tiny piece of carrot with known protein calibration standards
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Negative control of tiny piece of wheat root with known protein calibration standards
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Appendix 4: Nematode protein spots identified from 2D analysis.
Experiment Design for Pratylenchus populations
Group
Replicates

P. neglectus (131) P. neglectus (264) P. penetrans (642) P. penetrans (Narrogin) P. thornei (Vic 33) P. zeae (Qld/Aus)
3

3

3

2

3

3

Tags
Pratylenchus spp. specific
P. neglectus (131) specific
P. neglectus (264) specific
P. penetrans (642) specific
P. penetrans (Narrogin) specific
P. thornei (Vic 33) specific
P. zeae (Qld/Aus) specific
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

403

4.869e-005

4.4

3.170e+005

2.545e+005

4.299e+005

2.630e+005

8.400e+005

1.116e+006

64

6.289e-005

11.5

7771.400

2.784e+004

8.918e+004

2.548e+004

2.674e+004

2.414e+004

464

1.137e-004

3.8

7.133e+004

8.462e+004

1.330e+005

4.390e+004

3.895e+004

1.480e+005

427

3.116e-004

6.7

2.591e+005

1.755e+005

3.878e+005

2.050e+005

5.991e+005

8.904e+004

373

3.385e-004

4.3

2.089e+006

1.331e+006

3.343e+006

2.908e+006

2.735e+006

7.825e+005

387

3.742e-004

9.6

1.317e+006

8.606e+005

1.759e+005

4.284e+005

1.466e+005

1.374e+005

93

5.503e-004

4.8

5.045e+004

1.025e+005

1.552e+005

1.764e+005

7.580e+004

2.402e+005

278

6.769e-004

10.4

1.063e+004

1.660e+004

1.392e+004

5386.726

6495.211

5.587e+004

374

8.472e-004

5.3

5.127e+005

3.135e+005

1.251e+006

4.356e+005

3.544e+005

2.338e+005

133

9.617e-004

6.2

1.340e+005

8.104e+004

1.535e+005

4.064e+004

9.213e+004

2.511e+005

82

0.002

3.6

4.896e+005

3.781e+005

1.570e+005

5.681e+005

3.294e+005

4.434e+005

344

0.003

5.2

1.093e+005

1.285e+005

1.612e+005

8.764e+004

1.884e+005

4.540e+005

391

0.003

3.9

3.670e+005

4.612e+005

1.443e+005

1.852e+005

2.372e+005

1.177e+005

260

0.006

4.7

2.390e+005

1.442e+005

1.412e+005

1.778e+005

1.121e+005

5.138e+004

57

0.007

4.4

5.297e+004

5.717e+004

2.051e+005

4.625e+004

8.536e+004

5.486e+004

406

0.008

4.7

1.257e+006

6.173e+005

3.143e+005

1.479e+006

7.029e+005

4.853e+005

444

0.008

6.8

8.750e+004

4.562e+004

2.065e+004

1.820e+004

1.231e+005

4.670e+004

279

0.008

15.5

1.740e+004

1.060e+004

7123.565

2720.894

6102.178

4.215e+004
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

448

0.010

3.9

1.305e+006

6.138e+005

6.081e+005

6.351e+005

1.627e+006

4.179e+005

366

0.011

6.5

9.061e+004

9.420e+004

3.092e+004

4.234e+004

1.141e+005

2.008e+005

388

0.012

9.0

1.355e+006

4.414e+005

1.508e+005

3.782e+005

5.420e+005

1.673e+005

386

0.012

7.8

8.897e+004

1.805e+005

1.329e+005

6.977e+005

1.822e+005

1.841e+005

167

0.013

2.4

1.502e+005

2.014e+005

9.864e+004

8.250e+004

8.628e+004

1.601e+005

34

0.013

3.6

4.863e+004

1.067e+005

1.732e+005

6.321e+004

8.201e+004

5.776e+004

247

0.013

3.3

2.629e+005

2.225e+005

1.728e+005

1.079e+005

2.507e+005

3.580e+005

253

0.013

3.1

2.642e+005

1.438e+005

2.121e+005

9.000e+004

8.455e+004

1.751e+005

88

0.014

3.6

4.552e+004

3.339e+004

7.105e+004

2.727e+004

2.208e+004

1.970e+004

192

0.015

3.4

1.811e+005

3.432e+005

1.000e+005

1.846e+005

1.387e+005

3.101e+005

354

0.016

5.8

5.506e+005

4.171e+005

9.512e+004

2.983e+005

1.537e+005

1.481e+005

300

0.017

3.9

1.856e+005

1.649e+005

3.529e+005

6.493e+005

3.560e+005

1.919e+005

462

0.017

2.2

1.479e+005

2.408e+005

3.192e+005

2.120e+005

1.523e+005

2.459e+005

117

0.018

4.8

1.011e+005

3.869e+005

2.039e+005

2.237e+005

2.559e+005

4.880e+005

152

0.018

4.8

2.085e+004

2.956e+004

2.947e+004

1.708e+004

3.252e+004

8.274e+004

234

0.019

2.7

2.777e+005

2.431e+005

1.325e+005

2.344e+005

3.584e+005

1.669e+005

474

0.020

2.8

1.600e+005

3.236e+005

4.328e+005

1.520e+005

2.526e+005

1.545e+005

393

0.021

2.5

5.753e+005

4.059e+005

5.497e+005

5.672e+005

4.612e+005

2.286e+005
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

356

0.021

2.7

4.135e+005

1.553e+005

1.595e+005

2.972e+005

3.236e+005

1.754e+005

341

0.022

3.4

6.176e+004

8.474e+004

1.166e+005

5.061e+004

9.878e+004

1.715e+005

418

0.026

5.6

2.924e+006

2.015e+006

6.204e+005

6.712e+005

1.022e+006

5.206e+005

232

0.026

3.6

3.829e+005

2.864e+005

1.885e+005

1.061e+005

1.879e+005

1.855e+005

422

0.033

5.6

5.124e+005

2.467e+005

9.143e+004

2.320e+005

2.828e+005

1.062e+005

157

0.034

3.4

2.177e+004

5.285e+004

3.477e+004

3.817e+004

1.546e+004

4.681e+004

105

0.041

2.7

2.691e+005

1.318e+005

2.076e+005

1.574e+005

1.612e+005

3.592e+005

123

0.043

5.2

1.800e+005

1.138e+005

3.036e+005

5.886e+004

1.742e+005

1.924e+005

39

0.043

5.2

7.840e+004

2.048e+005

1.077e+005

9.543e+004

1.138e+005

3.920e+004

316

0.048

2.6

5.235e+005

4.040e+005

4.521e+005

4.251e+005

9.345e+005

3.550e+005

154

0.051

2.5

3.814e+005

2.147e+005

1.764e+005

1.958e+005

2.856e+005

4.461e+005

407

0.057

2.8

3.542e+006

2.547e+006

1.475e+006

3.042e+006

2.132e+006

1.256e+006

379

0.064

2.0

5.594e+005

5.173e+005

1.013e+006

6.470e+005

7.343e+005

6.989e+005

477

0.070

2.1

5.457e+005

6.603e+005

3.382e+005

4.710e+005

7.172e+005

4.314e+005

389

0.076

4.5

9.920e+005

9.769e+005

3.575e+005

1.485e+006

4.974e+005

3.277e+005

451

0.076

4.0

1.174e+005

7.982e+004

3.440e+004

3.452e+004

8.222e+004

1.373e+005

150

0.078

2.5

5.294e+004

2.099e+004

3.107e+004

2.548e+004

4.565e+004

2.667e+004

33

0.080

4.5

2.994e+004

9.293e+004

1.343e+005

5.961e+004

4.481e+004

5.150e+004
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

276

0.080

3.7

5.475e+004

7.819e+004

4.629e+004

7.444e+004

4.217e+004

1.554e+005

197

0.081

4.2

1.050e+004

2.730e+004

2.533e+004

1.622e+004

2.687e+004

4.382e+004

402

0.094

2.5

1.403e+006

1.520e+006

1.034e+006

1.617e+006

1.807e+006

7.353e+005

53

0.097

2.9

3.940e+004

3.032e+004

6.236e+004

3.381e+004

2.174e+004

3.088e+004

243

0.098

2.2

3.022e+005

2.176e+005

1.573e+005

3.372e+005

1.512e+005

1.982e+005

173

0.101

2.5

4.065e+004

5.276e+004

6.436e+004

2.621e+004

3.665e+004

3.108e+004

315

0.101

1.9

3.537e+005

2.348e+005

2.367e+005

2.996e+005

4.448e+005

3.041e+005

165

0.111

2.5

6.504e+005

6.295e+005

5.217e+005

3.413e+005

4.916e+005

2.644e+005

209

0.111

2.4

1.575e+005

1.739e+005

3.570e+005

2.022e+005

2.094e+005

1.496e+005

395

0.134

4.9

3.092e+006

2.064e+006

6.369e+005

1.718e+006

1.124e+006

9.326e+005

478

0.144

2.5

1.315e+005

1.125e+005

1.066e+005

1.816e+005

2.707e+005

1.205e+005

432

0.157

3.9

4.207e+004

3.917e+004

5.461e+004

5.771e+004

1.538e+005

5.132e+004

155

0.164

2.7

4.072e+005

3.517e+005

1.845e+005

2.116e+005

1.517e+005

2.247e+005

290

0.167

3.7

1.519e+005

1.768e+005

1.466e+005

1.511e+005

3.985e+005

5.393e+005

275

0.168

4.3

2.974e+004

4.174e+004

4.294e+004

2.542e+004

3.518e+004

1.087e+005

390

0.172

3.9

1.190e+006

7.970e+005

3.374e+005

1.318e+006

7.094e+005

6.800e+005

203

0.175

3.0

2.561e+005

4.051e+005

2.552e+005

4.730e+005

7.275e+005

2.393e+005

233

0.183

2.8

2.740e+005

3.653e+005

2.453e+005

3.327e+005

5.551e+005

2.005e+005

226

APPENDICES

Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

466

0.183

2.3

6.049e+005

5.335e+005

3.807e+005

7.851e+005

3.384e+005

4.531e+005

368

0.209

2.5

3.640e+006

4.880e+006

3.627e+006

8.962e+006

7.221e+006

4.067e+006

353

0.222

2.6

5.754e+004

9.734e+004

4.868e+004

9.695e+004

1.266e+005

7.587e+004

475

0.238

2.1

3.832e+005

5.872e+005

5.149e+005

7.446e+005

3.531e+005

3.511e+005

19

0.262

2.6

7.626e+004

1.036e+005

7.894e+004

8.956e+004

7.936e+004

3.937e+004

90

0.286

1.8

2.901e+006

4.542e+006

5.207e+006

4.823e+006

4.931e+006

5.307e+006

145

0.293

2.9

3.794e+005

2.235e+005

2.159e+005

1.328e+005

2.867e+005

2.167e+005

370

0.433

1.7

2.848e+006

3.204e+006

2.162e+006

3.332e+006

2.735e+006

1.985e+006

107

0.446

1.8

3.560e+005

5.590e+005

3.325e+005

4.030e+005

4.149e+005

3.053e+005

482

0.451

2.8

3.612e+005

3.108e+005

4.351e+005

2.495e+005

7.006e+005

3.496e+005

245

0.576

2.0

3.172e+005

2.741e+005

1.798e+005

2.939e+005

2.416e+005

1.604e+005

246

0.642

1.6

2.994e+005

2.421e+005

2.469e+005

2.544e+005

2.839e+005

1.915e+005

181

0.681

1.5

3.984e+005

2.988e+005

4.270e+005

3.492e+005

4.119e+005

2.795e+005

318

0.729

1.9

1.271e+006

1.002e+006

8.996e+005

1.324e+006

1.519e+006

7.844e+005

302

0.764

2.1

2.710e+005

3.856e+005

3.098e+005

5.664e+005

3.303e+005

2.841e+005

114

0.770

2.4

5.295e+004

1.253e+005

8.003e+004

7.837e+004

1.246e+005

7.132e+004

196

0.772

2.1

1.758e+005

2.324e+005

2.297e+005

2.121e+005

1.129e+005

1.930e+005

317

0.801

2.3

1.587e+006

1.676e+006

1.367e+006

2.504e+006

2.066e+006

3.188e+006
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
P. neglectus P. neglectus P. penetrans
(131)
(264)
(642)

P. penetrans
(Narrogin)

P. thornei
(Vic 33)

P. zeae
(Qld/Aus)

369

0.817

1.5

1.454e+006

9.560e+005

1.185e+006

1.140e+006

1.419e+006

1.429e+006

252

0.887

1.9

2.576e+005

1.576e+005

2.419e+005

2.325e+005

2.978e+005

2.117e+005

62

0.922

1.6

7.465e+005

1.091e+006

7.694e+005

7.635e+005

1.226e+006

1.017e+006
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233

APPENDICES

234
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Experiment Design for Heterodera populations.

Group
Replicates

H. schachtii (Cara 1) H. schachtii (Cara 2) H. schachtii (’97) H. avenae (Northam)
2

3

3

2

Tags
Heterodera spp. specific
H. schachtii specific
H. schachtii (Cara 1) specific
H. schachtii (Cara 2) specific
H. schachtii (‘97) specific
H. avenae (Northam) specific
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
H. schachtii (Cara 1)

H. schachtii (Cara 2)

H. schachtii (‘97)

H. avenae (Northam)

225

8.655e-004

2.7

4.411e+005

8.432e+005

1.169e+006

7.362e+005

160

0.002

6.2

3.075e+005

6.391e+005

4.352e+005

1.026e+005

235

0.002

7.9

3.045e+005

3.208e+005

2.385e+005

4.084e+004

357

0.003

2.5

2.146e+005

2.393e+005

1.839e+005

4.688e+005

2

0.004

2.6

5.782e+005

2.758e+005

2.525e+005

2.193e+005

143

0.005

3.7

1.913e+005

2.687e+005

7.058e+005

3.958e+005

117

0.006

2.3

7.234e+005

8.128e+005

8.070e+005

3.546e+005

116

0.008

3.0

1.232e+006

8.982e+005

8.201e+005

4.075e+005

323

0.009

2.9

1.873e+006

1.708e+006

1.389e+006

6.460e+005

91

0.009

5.9

6.342e+004

1.715e+005

8.619e+004

3.732e+005

44

0.011

3.7

9.470e+004

2.384e+005

3.489e+005

1.033e+005

100

0.011

3.0

1.949e+006

1.317e+006

6.422e+005

8.847e+005

38

0.013

5.4

5.888e+005

3.227e+005

2.014e+005

1.096e+005

146

0.015

2.4

1.150e+006

1.455e+006

6.134e+005

6.781e+005

123

0.016

2.0

1.282e+006

7.800e+005

1.027e+006

6.529e+005

121

0.020

4.5

8.412e+004

1.015e+005

9.165e+004

3.754e+005

272

0.022

4.9

4.700e+004

1.499e+005

2.314e+005

1.446e+005

87

0.023

7.4

1.027e+004

1.429e+004

2.359e+004

7.549e+004

53

0.023

7.0

3.650e+005

1.018e+005

5.205e+004

5.562e+004
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
H. schachtii (Cara 1)

H. schachtii (Cara 2)

H. schachtii (‘97)

H. avenae (Northam)

153

0.025

1.5

1.317e+005

1.362e+005

1.790e+005

1.955e+005

63

0.028

4.0

1.636e+005

4.730e+004

7.269e+004

4.142e+004

292

0.033

5.3

5.832e+004

1.260e+005

1.844e+005

3.093e+005

70

0.033

2.5

1.275e+006

5.954e+005

5.017e+005

8.786e+005

54

0.033

6.0

1.017e+006

3.188e+005

1.695e+005

3.706e+005

138

0.038

2.2

1.493e+006

1.268e+006

9.636e+005

6.710e+005

286

0.039

2.7

1.105e+006

1.148e+006

1.397e+006

5.251e+005

241

0.041

3.8

1.506e+005

2.295e+005

4.416e+005

5.721e+005

34

0.041

4.0

1.641e+004

1.224e+004

1.102e+004

4.399e+004

209

0.042

4.6

9.659e+004

1.078e+005

1.522e+005

4.422e+005

83

0.049

3.6

2.752e+005

1.511e+005

7.546e+004

7.886e+004

92

0.051

4.3

1.234e+005

2.375e+005

3.638e+005

5.249e+005

127

0.054

2.3

4.066e+005

4.001e+005

6.753e+005

9.395e+005

126

0.069

3.9

8.025e+004

1.367e+005

2.691e+005

6.865e+004

36

0.081

1.9

1.106e+005

2.063e+005

1.218e+005

1.886e+005

84

0.090

2.5

3.602e+005

2.100e+005

2.989e+005

5.187e+005

317

0.091

4.4

1.069e+005

8.496e+004

1.821e+005

3.774e+005

29

0.091

3.8

2.006e+005

5.243e+004

9.659e+004

1.888e+005

61

0.093

2.2

2.648e+005

5.337e+005

2.431e+005

2.659e+005
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
H. schachtii (Cara 1)

H. schachtii (Cara 2)

H. schachtii (‘97)

H. avenae (Northam)

344

0.096

2.1

6.231e+005

4.032e+005

5.815e+005

2.934e+005

114

0.097

2.1

1.374e+006

1.452e+006

1.108e+006

6.873e+005

251

0.107

2.3

1.210e+005

9.290e+004

6.989e+004

1.635e+005

95

0.115

3.1

3.517e+004

3.814e+004

6.587e+004

1.099e+005

315

0.116

3.5

3.857e+004

9.070e+004

1.228e+005

1.342e+005

111

0.117

1.5

1.554e+006

1.816e+006

1.242e+006

1.651e+006

125

0.118

2.6

3.255e+005

4.195e+005

8.568e+005

3.637e+005

52

0.131

3.9

7.642e+005

3.753e+005

3.226e+005

1.976e+005

270

0.135

2.9

9.683e+004

1.188e+005

5.486e+004

1.578e+005

27

0.152

2.1

9.426e+005

5.087e+005

4.467e+005

5.433e+005

305

0.165

4.6

1.940e+005

6.666e+004

4.699e+004

4.255e+004

319

0.172

4.5

2.608e+005

2.347e+005

2.750e+005

6.087e+004

8

0.187

2.5

7.107e+004

8.153e+004

8.395e+004

1.801e+005

142

0.203

2.3

8.321e+005

9.550e+005

5.853e+005

1.363e+006

118

0.209

2.2

1.213e+005

1.357e+005

9.748e+004

6.232e+004

75

0.210

3.3

1.953e+005

6.162e+004

5.951e+004

6.175e+004

56

0.212

2.2

5.239e+005

5.179e+005

5.032e+005

2.398e+005

267

0.212

2.1

1.045e+006

5.383e+005

5.023e+005

7.326e+005

355

0.214

1.9

1.129e+006

6.218e+005

5.963e+005

7.910e+005
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
H. schachtii (Cara 1)

H. schachtii (Cara 2)

H. schachtii (‘97)

H. avenae (Northam)

104

0.214

1.8

5.912e+005

7.916e+005

6.726e+005

1.035e+006

58

0.215

2.2

1.527e+005

7.090e+004

8.851e+004

1.414e+005

351

0.215

2.4

3.554e+005

4.798e+005

3.674e+005

8.621e+005

35

0.219

1.9

1.802e+005

2.337e+005

3.385e+005

2.211e+005

50

0.223

1.9

5.614e+005

3.502e+005

3.014e+005

4.414e+005

88

0.230

2.4

2.022e+005

1.115e+005

8.527e+004

1.145e+005

312

0.231

2.3

2.826e+005

1.987e+005

1.403e+005

1.226e+005

372

0.234

2.2

1.759e+005

2.274e+005

3.789e+005

1.726e+005

343

0.237

1.9

3.445e+005

3.562e+005

4.146e+005

6.643e+005

155

0.240

2.0

7.394e+005

8.957e+005

5.690e+005

4.405e+005

358

0.253

2.0

1.138e+006

1.114e+006

8.568e+005

5.700e+005

274

0.256

2.3

2.291e+005

2.727e+005

2.178e+005

4.960e+005

352

0.266

2.2

1.889e+005

2.101e+005

3.122e+005

4.078e+005

112

0.270

2.4

1.421e+005

1.568e+005

1.942e+005

3.368e+005

236

0.294

1.3

5.384e+005

5.883e+005

6.192e+005

4.679e+005

81

0.308

3.0

4.971e+004

5.758e+004

3.814e+004

1.126e+005

364

0.322

2.7

2.158e+005

1.110e+005

8.096e+004

1.884e+005

310

0.337

3.0

4.887e+005

4.245e+005

7.139e+005

2.406e+005

371

0.365

3.6

1.339e+005

2.254e+005

2.822e+005

4.855e+005
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Spots #

Anova (p)

Fold

Tags

Average Normalised Volumes
H. schachtii (Cara 1)

H. schachtii (Cara 2)

H. schachtii (‘97)

H. avenae (Northam)

201

0.373

1.8

4.164e+005

3.144e+005

3.360e+005

5.739e+005

173

0.390

2.4

1.157e+005

1.456e+005

2.122e+005

2.766e+005

204

0.415

4.7

2.258e+005

1.722e+005

3.465e+005

7.320e+004

255

0.418

2.2

2.491e+005

2.089e+005

1.509e+005

3.360e+005

327

0.445

2.1

2.213e+005

2.381e+005

4.642e+005

2.487e+005

366

0.460

1.8

6.706e+005

4.783e+005

5.123e+005

3.828e+005

298

0.542

1.5

4.216e+005

3.001e+005

2.868e+005

3.395e+005

326

0.569

1.7

3.789e+005

3.273e+005

2.262e+005

2.518e+005

376

0.571

2.6

3.054e+005

3.063e+005

2.300e+005

1.184e+005

356

0.633

1.2

1.124e+006

1.219e+006

1.026e+006

1.082e+006

353

0.777

1.3

3.237e+005

2.944e+005

2.511e+005

3.172e+005

7

0.802

1.3

1.422e+005

1.820e+005

1.541e+005

1.468e+005

347

0.853

1.2

2.383e+005

2.634e+005

2.150e+005

2.117e+005
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