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DISSERTATION SUMMARY

Fusarium circinatum is a fungal pathogen that has had a serious impact on pine production
throughout the world. It attacks most Pinus species including Pinus elliottii, Pinus patula and
Pinus radiata. Infections in South Africa (SA) are largely on seedlings, and result in fatal
seedling wilt. Accurate and quick detection systems suitable for field use are needed to
monitor the spread of the disease and optimize fungicide applications. Detection of F.
circinatum is currently based on visual observations of typical symptoms. However,
symptoms are not unigue to the pathogen and can be caused by other biotic and abiotic stress
factors. Nucleic acid-based identification techniques using PCR are available for different
fungal species. These are sensitive and accurate, but they are expensive and require skilled

biotechnologists to conduct the assays.

In this study an enzyme-linked immunosorbent assay (ELISA) was developed to identify F.
circinatum in infected seedlings. This optimized ELISA is able to discriminate between F.
circinatum and two other fungi that frequently affect pine. This method has advantages over
other assays because of its ease of operation and sample preparation, sensitivity and the ability
to run multiple tests simultaneously. Mycelium-soluble antigens from Diplodia pinea
(=Sphaeropsis sapinea), F. circinatum and F. oxysporum were prepared in nutrient broth.
Analysis of these antigens on SDS-PAGE indicated the presence of common antigens between
the different fungal pathogens. Some antigens were expressed more by some isolates than by
others. Separate groups of chickens were immunised with mycelium-soluble antigens from D.
pinea, F. circinatum and F. oxysporum and exo-antigen from F. circinatum prepared in
nutrient broth. A 34 kDa protein purified from SDS-PAGE specific for D. pinea was also used
for immunisation. Five sets of antibodies were obtained including anti-D. pinea, anti-F.
circinatum, anti-F. oxysporum, anti-F. circinatumexo and anti-D. pinea 34 kDa antibodies,
respectively. Reactivity of these antibodies was evaluated against antigens prepared in nutrient

broth using western blotting and ELISA.

Western blot analysis indicated that immuno-dominant antigens for F. circinatum were larger

than 34 kDa and their reactivity was not the same between different isolates. Each of the



antibodies prepared using mycelium-soluble antigens showed increased reactivity when
detecting its own specific pathogen, but cross-reactivity was observed. Anti-D.pineaantibodies
showed minimal cross-reactivity with antigens from F. circinatum and F. oxysporum. Anti-F.
circinatum antibodies cross-reacted with antigens from F. oxysporum but showed little cross-
reactivity with D. pinea antigens. Anti-F. oxysporum antibodies showed more cross-reactivity
towards antigens from F. circinatum than those from D. pinea. No reactivity was observed
when anti-F. circinatum-exo antigen and anti-D. pinea 34 kDa antibodies were used in

immuno-blotting analysis.

Evaluation of antibody reactivity using indirect ELISA showed patterns similar to those
observed on western blotting, where anti-D. pinea, anti-F. circinatum and anti-F. oxysporum
antibodies showed the same cross-reactivity relationships. Anti-F. circinatum and anti-F.
oxysporumantibodies showed a significant difference when reacting with antigens isolated
from other pathogens including D. pinea, F. circinatum, F. oxysporum, F. solani, F.
graminearum and F. culmorum (P = 0.001). No significant difference was observed when the
antigens were detected with anti-D. pinea antibodies. Reactivity of anti-F. circinatum-exo and
anti-D. pinea34 kDa antibodies was mostly similar to that of non-immune antibodies and

showed no significant difference between detection of different antigens.

Pine seedlings were artificially infected with the three fungal pathogens using a spore
concentration of 1 — 1 x 10°conidiaml™.Infection was monitored using scanning electron
microscopy. Results showed increased levels of mycelium growth on the stem and roots of the
F. circinatum and F. oxysporum infected seedlings and on the leaves and stem in the case of
D. pinea infected seedlings. These plant parts were used in ELISA tests for the detection of
antigens. Isolation of antigens from the plant materials involved crushing plant parts in buffer
and centrifugation of the suspension. The supernatant obtained was directly used in the assay.
ELISA tests prepared in this study were sensitive enough to detect infection caused by 1
conidium mi™at two weeks post inoculation. A positive reaction for detection of F. circinatum

and F. oxysporum was indicated by an ELISA reading above an optical density at 405 nm

The plant material used in ELISA tests were further analysed using PCR. Results indicated

that there was no cross-infection between seedlings and served as a confirmation of the



disease-causing pathogen. This indicated that cross-reactivity observed was due to other
factors such as common epitopes on the major antigens. Use of an ELISA dip-stick or ELISA
using these antibodies should provide an easy, fast field test to identify infections of pine,
discriminating between F. circinatum, F. oxysporum and D. pinea.
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DISSERTATION INTRODUCTION

Fusarium circinatum is one of the most important pathogens of pines. It is a causal agent of
two distinct pine diseases: pine pitch canker on mature pine trees and pine seedling wilt. It has
had a serious impact on pine production in South Africa and other countries throughout the
world, leading to serious losses in the pine industry (Wingfield et al., 2008). The pathogen has
been reported in California, Japan, Mexico and South Africa (Muramoto and Dwinell, 1990;
Viljoen et al., 1994; Storer et al., 1998; Britz et al., 2001). In South African nurseries F.
circinatum epidemics have been reported mostly on Pinus patula Schidl. et Cham seedlings.
On mature pine trees few reports of pitch canker have been made on P. radiate D. Don, P.
greggii Engelm. ex Parl. and P. elliottii Engelm. (Viljoen et al., 1994; Mitchell et al., 2011;
Mitchell et al., 2012). The main focus of this study was on seedling wilt which is the prevalent
disease in South Africa. Fusarium circinatum has a huge impact on ecological, economic and
timber production via impaired tree growth and reduced yields of timber (Conradie et al.,
1990; Wingfield et al., 2001). These losses have been documented in 16 different sites where
42% of the dying plants were infected with F. circinatum (Crous, 2005). In the case of P.
patula, low seedling survival rates result in losses of over R11 million lost per year in South
Africa. Infection of P. radiata and P. patula in new plantations in South Africa has resulted in
a loss of close to R12 million per year over the period 2005 to 2010(Mitchell et al., 2009;
Mitchell et al., 2011). It is estimated that by 2020 close to 5 billion Rand will be lost by the

forestry industry due to F. circinatum.

Symptoms observed in nurseries include root and collar rot, tip wilting followed by
discolouration beneath the growing tip, which then progresses to other parts of the seedling,
resulting in death. On mature trees, pitch canker is marked by branch die-back, development
of resinous cankers on the stem and resin-soaked wood (Nelson, 1981; Storer et al., 1998).
More rapid death is associated with the infection of seedlings than established trees (Barnard
and Blakeslee, 1980). In most countries F. circinatum is known to cause damage on
established trees, whereas in South Africa F. circinatum emerged as a nursery pathogen
posing a threat to new plantations especially to P. patula. In nurseries F. circinatum spreads

from contaminated planting containers, irrigation water and planting media (Coutinho et al.,
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2007; Wingfield et al., 2008). Infection on mature trees has been associated with wounding
that becomes the site for F. circinatum to gain entry. These wounds are commonly created by
beetles i.e. Ips conophthorus Hopkins, Ernobius Fall and Pissodes nemorensis Germar the
latter is a common beetle of timber found in South Africa. The absence of the other two
beetles (Ips conophthorus and Ernobius) species in the country is believed to be the reason for
pitch canker to be absent from South Africa for some time (Storer et al., 1998; Wingfield et
al., 2002a; Coutinho et al., 2007).

Early detection of the causal pathogen plays a major role in ensuring proper control and
limiting the spread of the disease. Methods used for fungal detection such as those that are
nucleic-acid based need to be effective enough for detection before symptom development.
Fungal plant pathogens have been identified using conventional methods such as the
investigation of visible symptoms, culturing on selective media and microscopic analysis.
These methods may require the use of a skilled plant pathologist for accurate diagnosis. They
are time consuming since waiting for symptom development or culturing may take weeks.
This makes such methods impractical where quick detection is required. The major drawbacks
of these detection systems are the inaccuracy and lack of sensitivity. The use of nucleic acid
based detection methods using PCR, and protein based immunochemical techniques are more
sensitive, quick and specific. The use of PCR methods have been well documented for
detection of fungal pathogens (Grimm and Geisen, 1998; O’Donnell et al., 1998; Fraaije et al.,
1999; Weiland and Sundsbak, 2000; Schweigkofler et al., 2004; Luchi et al., 2007).

Immunochemical detection systems mostly entail the use of enzyme-linked immunosorbent
assay (ELISA). In this assay, specific antibodies are developed against proteins for detection.
ELISAs are much easier and quicker to use for detection and quantification of the pathogen in
both the laboratory and field (Lievens and Thomma, 2005; Lievens et al., 2008). ELISAs are
ideal methods to use in complex mixtures such as plant extracts and soil mixtures because
there are no purification steps required prior to testing. This is because specific antibodies
preferentially bind to one protein of interest in the mixture, and unbound material is washed
off during subsequent washing steps carried out during the assay. This method has an
advantage over PCR and culturing methods because it allows for detection of multiple samples

in a single test simultaneously.



There are commercially available kits for field detection of fungal pathogens. Dip-stick assays
have been successfully used in studies that tested at the Fusarium mycotoxins such as T-2
toxin (de Saeger and van Peteghem, 1996). Tube-like immuno-assays for the detection of
Botrytis, Aspergillus and Penicillium on grape fruits have been developed. This assay was
reported to be user friendly and can be used on site at wineries. The principle of this assay is
that of a plate-trapped antigen (PTA) ELISA: antigens are directly coated onto the wells of
micro-titre plates and incubated with a specific primary antibody and an enzyme-linked
secondary antibody. For the detection of the immunochemical reaction a chromogenic
substrate solution is added (Dewey and Meyer, 2004). Also, PTA-ELISA for the detection of
Phytophthora, Pythium and Rhizoctonia in the field have been developed,in which the detector
enzyme was linked to the primary antibody, making this assay even quicker as there was no
need for incubation with the detector-linked secondary antibody (Ali-Shtayeh et al., 1991). In
this test, the presence of the pathogen can be detected within ten min, marked by a colour
change that can be easily interpreted by a nurseryman. ELISA tests have been reported for
quantification of F. poae (Peck) Wollenw, F. graminearum (Schw.) Petch, F. oxysporum f.sp.
albedinis, F. culmorum (W.G.) Smith, Thielaviopsis basicola (Berk. & Br.) and F. avenaceum
(Fr.) Sacc. (Kitagawa et al., 1989; Beyer et al., 1993; de Saeger and van Peteghem, 1996; Gan
et al., 1997).

Despite the reports of different ELISAs that are available for the detection of different fungal
pathogens, there is still a need to develop an ELISA system for the detection of F. circinatum
in the field. This research was motivated by the need of most pine nurseries in South Africa to
have a detection system that can be used in the nursery and in the field for quick, accurate and
simple detection of F. circinatum. This is very important for farmers because it will help them
ensure that the pathogen is correctly identified and correct control measures are implemented.
Most importantly, the use of an accurate detection system will ensure that infected seedlings

do not go out for planting.

The aim of this research was to develop an ELISA that can be used in the field for the
detection and discrimination of F. circinatum from D. pinea and F. oxysporum in infected pine
seedlings. This is achievable by ensuring that antigens especially those that are unique and

different between the three fungal pathogens are properly analysed using protein separating



techniques and used to develop more specific antibodies. Other fungal pathogens closely
related to F. circinatum and F. oxysporum were also analysed to optimize the specificity and
reactivity of the ELISA developed. This is covered in details in Chapter 2 of this thesis where
the research focuses on the development and characterisation of chicken antibodies raised
against F. circinatum, F. oxysporum and D. pinea using ELISA and western blotting. Also, to
achieve the goals of this research tests were carried out in the field on infected seedlings.
Different fungal spore concentrations were used to inoculate pine seedlings and different
antigen isolation methods were evaluated during the ELISA tests in the field. This ensured that
the ELISA developed was able to detect the presence of the fungus at different fungal spore
concentration in the infected pine seedlings and that the antigen was easily isolated for the
testing using the ELISA. The field tests were properly covered in Chapter 3 of this thesis
where the research focuses on the discriminatory detection of F. circinatum, from F.

oxysporum and D. pinea in infected pine seedlings using ELISA.

Some of the limitations that were expected included cross-reactivity from closely related
fungal pathogens especially those form the gunus, Fusarium. Determining specific antigens
for each of the fungal pathogen was expected to be a problem because fungal pathogens have
very low protein concentration and these became degraded during culture storage (Gan et al.,
1997). Also, ELISA test that have been developed in the past have used soluble and
homogeneous suspensions of antigens, while in this study antigens will be suspended with
debris from the pine seedlings (Arie etal., 1991; Arie etal., 1995).

This assay should be user-friendly and results easily interpreted by nursery staff with little
biotechnology background. Field stations can be provided with an ELISA plate coated with
the anti-fungus antibody and the necessary enzyme-labeled secondary antibody as well as
substrate. A dipstick-test based on this sandwich ELISA using these antibodies should provide
an easy, fast field test to identify infections of pine, discriminating between F. circinatum, F.

oxysporum and D. pinea.



CHAPTER 1

Literature Review

1.1 Introduction

The forestry industry plays a major role in the economy of South Africa, through the
production of structural timber and fiber for cellulosic pulp. However, this industry is
negatively affected by man-made fires as well as pests and diseases. These have a
considerable impact on the ecological, economic and social dynamics of forestry (Conradie et
al., 1990; Wingfield et al., 2001). Fusarium circinatum Nireberg and O’Donnell [=F.
subglutinans (Wollenw. and Reinking) Nelson et al. f.sp. pini Corell et al] is amongst the most
important fungal pathogens of Pinus species (Dwinell, 1978; Carey and Kelley, 1994; Clark
and Gordon, 1998; Wingfield et al., 2002a). It is the causal agent of two distinct diseases of
pines, namely, pine pitch canker and seedlings wilt. Both these diseases are a big threat to
countries where extensive planting of susceptible pine trees is carried out, because it affects
timber and pulp production and quality and causes extensive tree mortality (Storer et al.,
2002). Pine pitch canker has been reported in Japan where it was associated with bleeding
resinous cankers observed on P. lunchuensis Mayr (Muramoto and Dwinell, 1990). Pitch
canker fungus has also been recorded in Chile, northern Spain and California (Viljoen et al.,
1994; Wingfield et al., 2002a; Landeras et al., 2005; Carlucci et al., 2007). Seedling wilt is a
common disease in South Africa. The first report of infections by this fungus in the southern
hemisphere was in the Mpumalanga Province on Pinus patula Schidl. et Cham where it caused
seedling wilt (Dwinell, 1978; Viljoen et al., 1994). Subsequent to the first report of the
pathogen it spread throughout the nurseries in the country resulting in severe damages
(Coutinho et al., 2007). There have not been any serious outbreaks of pine pitch canker in
South Africa. Symptoms resembling those of pitch canker were observed on five and nine year
old P. radiata var. Binata in the Western Cape Province (Coutinho et al., 2007). This study
will focus on seedling wilt which is an important disease in South Africa. In seedling

nurseries, infections cause seedling damping-off, stem lesions, reddish-brown lesions on the



roots and terminal wilt that lead to seedling death (Correll et al., 1991; Carey and Kelley,
1994).

There is no absolute means of controlling seedling wilt in the infected trees but for planting,
more resistant species, such as Monterey pine (P. radiata) for control of F. circinatum
(Borello et al., 2001; Vivas et al., 2012). The management of F. circinatum in seedling
nurseries requires that effective hygiene measures are maintained. These include treatment of
the seeds by either soaking them in ethanol or hydrogen peroxide suspended in hot water
(Wingfield et al., 2008). The steam and copper treatments can be used to sterilize polysterene
planting trays. Nursery staff need to ensure that irrigation water is free of F. circinatum by
treating it with a sterilant such as hydrogen peroxide (Dwinell and Fraedrich, 1998; Storer et
al., 1998). Fungicides may be applied in an attempt to control F. circinatum but they have
been deemed as ineffective (Runion et al., 1993; Storer et al., 1998).There is also an option of
ensuring that the fungus is not introduced into areas that are currently free from infection by
thorough screening of seeds. Proper control of insect vectors that carry the fungus may reduce
new infections (Sakamoto and Gordon, 2006). Early and accurate detection of infection and
the causal agent plays a major role in preventing the spread of the disease and major losses in
this agricultural sector. Correct identification of F. circinatum as the cause of seedling wilt
may be difficult because similar symptoms are caused by other fungal pathogens, water and
chemical stress (Ward et al., 2004). The development of detection systems for plant
pathogens, especially antibody-based and nucleic-acid based, are reviewed, with a focus on

fungal pathogens.
1.2  The pathogen

Fusarium species are economically important plant pathogens. There are 17 known species of
Fusarium that target a number of cultivated plants, trees and cereals, causing a decrease in
their quality and yield (Barrows-Broaddus and Dwinell, 1985b; Storer et al., 1998). These
pathogens include F. graminearum Schw, F. solani (Mart.) Sacc, F. culmorum (Wm.G. Sm.)
Sacc., F. roseum Link., F. oxysporum f.sp. albedinis and F. circinatum. The main focus of this
study is on F. circinatum and F. oxysporum strains that affect various Pinus species (Nelson,
1981; Wingfield et al., 2008).



Fusarium circinatum was first discovered in 1946 causing severe damage in southern USA
(Hepting and Roth, 1953). The first symptoms observed on pine trees were cankers flowing
from bark and soaking the wood. Subsequent studies associated F. circinatum with the
development of root diseases, root rot, seed decay and stem cankers (Landeras et al., 2005;
Carlucci et al., 2007; Wingfield et al., 2008; Mitchell et al., 2011). Supplementary studies on
the disease showed that the infectious agent produced microconidia, few macroconidia and no
chlamydoconidia (Smith and Snyder, 1975).

Fusarium oxysporum Schlecht is sub-divided into races referred to as formae speciales. These
races are separated based on pathogenicity and host specificity (Nelson, 1981). Close to 70 F.
oxysporum formae speciales have been described (Nelson, 1981). For some of these formae
speciales the primary host has not been identified as yet and these are referred to as non-
pathogenic strains, some of which are beneficial. The pathogenic strains of F. oxysporum can
attack a diverse group of plants, including crops such as tomato, cabbage, banana, flax, sweet
potato and watermelon. Some trees such as oil date, palm date and some pine species have
been reported to be susceptible to this pathogen (Bloomberg, 1981; Nelson, 1981; Toussoun,
1981; Arie etal., 1998).

Most strains of F. oxysporum can only infect one or a few plant species. Under unfavourable
conditions F. oxysporum survives as chlamydoconidia in the soil or in decaying host tissue.
When favourable conditions prevail, conidia are stimulated to germinate (Smith and Snyder,
1975; Nelson, 1981; Toussoun, 1981). Upon germination, hyphae form that may penetrate the
plant through wounds but for someF.formae speciales, wounding is not required (Pascholati et
al., 2002). In crops such as tobacco, infection is largely dependent on the presence of a wound,
while in cabbages,F. oxysporum f. sp. conglutinans [(Wr) Snyd. & Hans)] Race 1 is able to
penetrate intercellularly in the apical meristematic regions of uninjured roots (Nelson, 1981).
In British Columbian nurseries, F. oxysporum was reported to cause over 90% of damping-off,

root-rot and wilting on the lower shoots on pine seedlings (Bloomberg, 1971).

Diplodia pinea (Fr) Dyko & B. Sutton, also known as Sphaeropsis sapinea (Fr.) Dyko & B.
Sutton and first described as Sphaeria pinea Desm., is an opportunistic pathogen of conifers
(de Wetet al., 2000; Juhasova et al., 2006). D. pinea has a worldwide distribution, where it is

generally associated with shoot death of pines (Stanosz et al., 1996). This pathogen has been
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reported in many countries but has been most notorious in South Africa (Wingfield and Knox-
Davies, 1980; Swart and Wingfield, 1991; Smith et al., 1996). This is due to the common
occurrence of heavy rainfall, droughts and hailstorms in South Africa that enhances the
susceptibility of P. radiata and P. patula Schldl. et Cham trees to infection (Brookhouser and
Peterson, 1971; Wingfield and Knox-Davies, 1980).

There are three different morphological forms of D. pinea that have been identified; these are
referred to as morphotypes. These morphotypes can be separated by their molecular
characteristics and pathogenicity (de Wet et al., 2000; de Wet et al., 2003). A study carried out
by Brookhouser and Peterson (1971) evaluated the site and mode of penetration for D. pinea.
They found that D. pinea can penetrate needles through the stomata of uninjured Australian
pine [Pinus nigra (Visiani) Franco], Scots pine (P. sylvestris L. var. hamata Steven),
Pondorosa pine (P. ponderosa Douglas ex C. Lawson) and P. radiataD. Don (Chou, 1978). In
South Africa D. pinea causes dieback of P. patula and P. radiata (Wingfield, 1980; de Wet et
al., 2000). Infection occurs when the plant is under stress conditions, such as harsh weather

conditions and shortage of nutrients and water (Paoletti et al., 2001; Stanosz et al., 2001).

Diplodia pinea has been isolated from healthy branches, twigs and wood from mature trees,
indicating that it remains asymptomatic in most trees worldwide (Stanosz et al., 1996). The
source of inoculum in the USA was found to be infected pine trees used as windbreaks, and
the presence of leftover pruned branches (Stanosz et al., 2007). In South Africa seeds are
thought to have been the initial source of inoculum, followed by dispersal of conidia by wind
and splashed water (Burgess and Wingfield, 2002).

A wide range of Pinus species throughout the world are susceptible to infection by D. pinea
(Waterman, 1943; Brookhouser and Peterson, 1971; Stanosz et al., 2007). Like F. circinatum,
D. pinea targets all plant developmental stages from seedlings in nurseries to plantations and
natural stands (Waterman, 1943; Luchi et al., 2007; Stanosz et al., 2007). Pinus radiata and P.
patula are the main hosts of D. pinea. Upon infection of young seedlings, a high mortality rate
is observed. Infection of mature trees results in stem malformation and reduction in usable
length of the bole (Zwolinski et al., 1990). Multiple infections result in death of the mature
tree.



1.3 Symptoms

The primary symptom observed in the pine seedling nursery upon infection with F. circinatum
is the wilting of the seedling tip. At early stages of infection death of root tips occurs, roots are
then unable to take up water and supply the rest of the seedling. Seedling wilt is also marked
by wilting and fading of colour in the needles that are closer to the tip of young branches
(Gordon et al., 1998; Mitchell et al., 2011). Following the colour change of the needles,
dieback of terminal and lateral branches within the crown becomes severe, especially after
repeated infections (Figure 1.1, A) (Gordon et al., 2001). Tips turn purple and collar rot is
observed. Development of hyphae on dead seedling stems occurs at late stages on infection
(Figure 1.1, B).

Pine pitch canker is marked by bleeding, resin-soaked wood and formation of resinous canker
on the trunk and branches (Figure 1.1, C) (Storer et al., 1998; Coutinho et al., 2007). Each
canker greatly affects the wood beneath it, which appears deeply pitch-soaked with resin-
soaked lesions on the lower stem while the bark is retained (Figure 1.1, C) (Barnard and
Blakeslee, 1980; Dwinell et al., 1985). The damaged shoots are unable to supply water to the
expanding buds above them and therefore the shoots die. On the older tissue, shoot growth
may be fully expanded before being killed by the infection. A good indicator for this disease is
that dead shoots remain in the crown for several years. The needles on dead shoots turn gray

and wilt on the tree tip is also observed (Figure 1.1, D).

The development of symptoms may vary depending on the Pinus species affected. The
development of cankers on the trunks, branches and exposed roots is a common phenomenon
in P. radiata, P. palustris Mill. andP. strobes L. (Dwinell et al., 1985; Muramoto and Dwinell,
1990; Correll et al., 1991). Shoot dieback is reported as being common in P. elliottii, P. taeda
L., P. radiata and P. echinata Mill. (Dwinell et al., 1985; Correll et al., 1991). In the USA, F.
circinatum infection caused symptoms ranging from shoot die-back, canker and even death in
some trees in Florida. The disease was further observed in other parts of USA, including
Virginia and Texas affecting different pine species including P. radiata, P. muricata D. Don
and P. halepensis Mill. (Kuhlman et al., 1982; Dwinell et al., 1985).



Figure 1.1 Symptoms caused by F. circinatum in pine seedlings and mature pines(A) Damping-off, wilting and drawn
die-back of seedlings in nurseries. (B) Development of hyphae on a dead seedling stem. (C) Development of abundant resin
exudates (pitch) beneath cankers (left), cankers that girdle branches and trunk (right) (Wright et al.1987). (D) Mortality of the
terminal branches withinthe crown (Blakeslee and Oak, 1979; Wingfield et al., 2008).

At early stages of seedling infection by F. oxysporum curled needles develop, followed by tip
dieback and wilt symptoms. General wilt of the infected seedling is observed, leaves wilt and
drop off, resulting in bare stems. Root development is affected and root rot is observed.
Fruiting structures on the stem develops. F. oxysporum also causes damping-off that has been

shown to increase following heat stress (Nelson, 1981; Axelrood et al., 1995).

Symptoms observed following infection of pines with D. pinea range with age, with more
severe damage observed in younger trees. D. pinea has been detected in trees not showing any
symptoms and this is usually the case since symptoms usually develop under physiologically
stressful conditions (Luchiet al., 2007; Maresi et al., 2007). The most prominent symptoms of
D. pinea include discolouration of new shoots with short, brown needles. Small, tan to

reddish-brown lesions of the lower regions of the needles are the first symptoms observed on
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artificially infected young Australian, Scot and Ponderosa pine trees (Brookhouser and
Peterson, 1971). Older trees become deformed, while crown dieback and reduced growth is
observed upon repeated infection (Waterman, 1943). D. pinea can also cause yellowing and
necrosis of needles and cones that kills most of the shoot (Brookhouser and Peterson, 1971;
Stanosz et al., 2007).

1.4  Global importance of the diseases and host

The first report of F. circinatum outside USA was made in the 1980s in Haiti where it affected
P. occidentalis (Dwinell et al., 1985). By 1986 F. circinatum was reported in California on P.
radiata, P. muricata and P. halepensis (McCain et al., 1987). Seedling wilt occurred in Japan
in the early 1990s causing shoot dieback (Muramoto and Dwinell, 1990). It was then reported
in South Africa on P. patula seedlings (Viljoen et al., 1994). In the late 1990s it was reported
to have spread to other countries including Mexico and Chile (Britz et al., 2001; Wingfield et
al., 2002a).

The first report of F. circinatum in Europe was in northern Spain where it infected P. pinaster
Aiton and P. sylvestris L., both in nurseries and plantations (Landeras et al., 2005). In northern
Spain, F. circinatum was found in different geological areas where it was characterised, based
on morphological and genomic features (Lievens and Thomma, 2005; Perez-Sierra et al.,
2007). The susceptibility and response of conifer species of the Great Lake of North America
to F. circinatum has been evaluated. Three-year old seedlings of P. resinosa Aiton, P.
banksiana Lamb,. P. strobus L,. P. sylvestris and P. nigra J.F.Arnold were inoculated by
introducing a drop of F. circinatum conidia at a site where the needle fascicle was removed.
The mortality rate was recorded twelve weeks after inoculation. Most resistance was observed
in P. nigra and P. resinosa, while P. banksiana, P. strobus and P. sylvestris were more
susceptible (Enebak and Stanosz, 2003). A similar susceptibility pattern was observed for P.
banksiana, P. sylvestris and P. nigra in California (Clark and Gordon, 1998). In the southern
United States, P. virginiana Mill. was reported to be more susceptible than P. echinata
(Dwinell, 1978). The pathogen has been reported in Italy where it attacks P. halepensis
(Carlucci etal., 2007).
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In South Africa it has been observed that F. circinatum can cause severe damage to many
species of pine: slash (Pinus elliottii Engelm.), loblolly (P. taeda L.), shortleaf (P. echinata
Mill.) and virginia (P. virginiana) pines (Porter et al., 2009). It is believed that F. circinatum
was introduced to South Africa by infected seed from Mexico (Britz et al., 2001). Initially F.
circinatum was only found in nursery plantations and affected P. patula (Viljoen et al., 1995;
Wingfield et al., 2002a; Wingfield et al., 2002a). Following this outbreak, the disease became
established in nurseries throughout the country, targeting different Pinus species and causing
root and collar rot in seedlings (Viljoen et al., 1994). The first outbreak of pine pitch canker in
mature trees was found in mature P. radiata in the Western Cape in 2007 (Coutinho et al.,
2007). Transmission of the pathogen in South Africa has been associated with adult beetles,

l.e. Pissodes nemorensis that can carry pitch canker conidia (Gebeyehu and Wingfield, 2003).

In south Florida pitch canker was observed on slash (P. elliottii), eastern white (P. strobes L.),
longleaf (P. palustris Mill.), table mountain (P. pungens Lamb.) and pitch (P. rigida Mill.)
pines (Kuhlman et al., 1982; Landeras et al., 2005). The disease usually becomes epidemic
and leads to great economical losses, both in pine plantations and seed orchards. This is
because infected seedlings become morphologically and physically impaired, and when
planted in the field, they usually grow poorly or die (Smith and Snyder, 1975). In Chile F.
circinatum was discovered in nurseries infecting pine seedlings, but it has not been reported
on adult trees in plantations, which is a similar case with South African infections (Viljoen et
al., 1994; Wingfield etal., 2002Db).

Fusarium oxysporum is a soil borne pathogen that can be found in all parts of the world. The
importance of F. oxysporum has been reported in pine nurseries throughout western North
America. Economic losses have been reported on several Pinus species including P. monticola
Douglas ex D. Donand P. ponderosa Douglas ex C. Lawson, which developed severe root rot
and wilting symptoms due to infection with F. oxysporum (Nelson, 1981). Damping off and
root rot caused by F. oxysporum were reported as some of the most common diseases in forest
nurseries in New Zealand. This pathogen has been commonly isolated from roots of P. radiata
and soils in a number of nurseries in New Zealand (Nelson, 1981; Dick and Dobbie, 2002). F.

oxysporum has been reported in Argentina and south-western Europe attacking P. monticola
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Douglas ex D.Don, P. radiata, P. elliottii Engelm. AndP. taeda L.(Nelson, 1981; Homechin et
al., 1986; Stewart et al., 2012).

Diplodia pinea has been reported in New Zealand, South Africa, Australia and Mexico,
(Brookhouser and Peterson, 1971; Wingfield and Knox-Davies, 1980; Juhasova et al., 2006).
The health of Pinus nigra became a major concern since 2005 due to a number of parasitic
fungi and D. pinea was found to be amongst these pathogens in Australia (Juhasova et al.,
2006). Diplodia pinea damages numerous pine species including P. nigra from Australia, P.
sylvestris from Scotland and P. ponderosa from Ponderosa (Brookhouser and Peterson, 1971;
Juhasova et al., 2006).

1.5 Importance of the diseases causedby F. circinatum, F. oxysporum and D. pineain
South Africa

Since the early 1990s the forestry industry has been rapidly growing in South Africa. It

contributes greatly to the economy of the country through the production of pulp products and

timber. In the country close to 1.5 million hectares is used for pine production, representing

only 1.2% of the land area. Most of this land is available in Mpumalanga province where 0.6

million hectares is used for pine plantation.

Most important Pinus species planted in South Africa originate from North and Central
America. These include P. patula, P. elliottii, P. taeda and P. radiata. The latter is grown only
in the Western Cape. Porter et al. (2009) evaluated the susceptibility of South African native
conifers to F. circinatum disease. This study was carried out by inoculating seedlings of P.
elongatus (Ait.) L’Herit.ex Pers., P. contorta var. latifolia, Widdringtonia schwarzii (Marloth)
Mast.,, W. nodiflora (L) Powrie, and W. cedarbergensis Marsh with a virulent strain of F.
circinatum. Three weeks following inoculation with the pathogen all the Pinus species
developed distinct lesions and after twelve weeks they were all dead. Podocarpus and
Widdringtonia showed resistance to the pathogen. The pattern shown by the South African
native conifers is also true for other countries (Barrows-Broaddus and Dwinell, 1985g;
Barrows-Broaddus and Dwinell, 1985b).

Fusarium oxysporum is a common inhabitant of seedling nursery soils. Damping off caused by

F. oxysporum is one of the common diseases affecting seedlings in forest nurseries. Fusarium
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wilt and damping off cause economic losses in forestry in the Southern hemisphere by
affecting P. pinaster Aiton and P. radiata. The susceptibility of these Pinus species was
recorded to be much higher towards F. circinatum than that of F. oxysporum. Under normal
nursery conditions damping off caused by F. oxysporum is uncommon, and it is likely that all

the disease development is associated with F. circinatum (Homechin et al., 1986).

In South Africa D. pinea can cause up to 28% loss of volume and 55% in potential production
in P. radiata and P. patula following hail damage. D. pinea has been isolated from P. radiata
and P. patula seedlings. It affects pine trees damagedby heavy rainfall (water stress), hail and
drought (Zwolinski et al., 1990).Smith et al. (1996) carried out a study that evaluated the
occurrence and hosts for D. pinea in South Africa. Results from this study indicated that 50%
of young green P. patula and 90% of P. radiata carried the pathogen, while it was absent from
the cones of P. elliottii and P. taeda. These results were similar to those obtained by Swart and
Wingfield (1991) in which the fungus was observed in P. radiata. Diplodia pinea and has also

been detected in the wood of P. sylvestris (Petrini and Fisher, 1988).

1.6 Detection methods for plant pathogens

Fusarium circinatum is currently detected using the polymerase chain reaction (PCR), which
is a reliable, sensitive and accurate method. A primer pairCIRC1A-CIRC4A that targets an
ISG region of the nuclear ribosomal operon has been successfully used in most published
studies on the detection of this fungus (Schweigkofler et al., 2004; Perez-Sierra et al., 2007).
PCR is a useful method for detection of the fungus in asymptomatic plants and in
distinguishing pathogens to the species level. The PCR method has been used for detection of
a number of other fungal species including Rhizoctonia solani Kiihn, F. oxysporum and D.
pinea (Grimm and Geisen, 1998; Calderon et al., 2002b; Budge et al., 2009; Validov et al.,
2011). Monitoring specific symptom development is also one of the commonly used methods
for the detection of F. circinatum in seedling nurseries. Culturing methods and microscopic
examination is the standard method for detection of F. circinatum. Antibody based detection
systems that use an enzyme linked immunosorbent assay (ELISA) have been prepared for
detection of Fusarium species (Kitagawa et al., 1989; Gan et al., 1997; Hayashi et al., 1998;
Lievens et al., 2008). Dip-sticks for detection of Fusarium mycotoxins (T-2 toxin) have also

been prepared using monoclonal antibodies (de Saeger and van Peteghem, 1996). Tube- like
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immuno-assays for the detection of Botrytis, Aspergillus and Penicillium on grapes have been

developed (Dewey and Meyer, 2004).

There has been great effort in the development of more specific and sensitive diagnostic
methods such as the use of antibody-based techniques, biosensors and those that are based on
evaluating nucleotides (Ward et al., 2004). In the early 1990s the use of antibody-based
detection systems dominated publications and received similar attention to that of nucleotide-
based assays. From the early 1990s to 2007 there was a 100% increase in the number of papers
published on plant detection methods using polymerase chain reaction (PCR) assays and this
is expected to have doubled by 2010 going to 2013 (Skottrup et al., 2008). Little focus has
been placed on the use of biosensors (Figure 1.2).

Detection methods for plant pathogens must be able to discriminate between different
pathogens and be able to detect the presence of the inoculum before the development of
symptoms. There are a number of validation steps that need to be carried out before a new
detection technique enters the market. These include sensitivity, specificity and
reproducibility, accuracy of results, consistency and reliability of detection method (Lievens et
al., 2008). Samples from different areas should be tested and blind tests should be carried out.
Cost issues need to be considered but this may depend on the importance of the disease and
the crop affected (Lievens and Thomma, 2005; Lievens et al., 2008). Other issues that need to
be considered include multiplexing, expertise and validation. Multiplexing involves screening
a large number of samples simultaneously or in a short period of time. This is much more
efficient than performing multiple simplex reactions. This can be achieved by using a 96 well
ELISA plate in which multiple pathogens can be evaluated in a single assay. Common
methods used for identification of fungal pathogens depend on culturing methods and
evaluation of morphological features. Such diagnosis requires an expert with strong
taxonomical knowledge that may take years of education to acquire. Recent developments in
detection systems have the potential to provide diagnostic tools that can be easily interpreted
by the nursery staff, or technicians who do not have specific expertise (Faria et al., 2012).
With some detection systems more specific assays suchas PCR may be required for validation

of the identity of the pathogen.
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Figure 1.2 Published papers that focused on the detection systems for plant pathogens. This was carried out by searching
for “plant pathogen, detection” on the ISI Web of knowledge. The category ‘other’ includes detection systems such as mass
spectrometry and infrared-based detectors (Skottrup et al., 2008).

Diagnostic methods for detecting the presence of Fusarium species and other fungal pathogens
used to be mainly based on culturing plant material from seedlings suspected of infection,
using selective media, and visualising the growth pattern, especially morphological features
(Lievens and Thomma, 2005). ELISA based tests are currently available for the quantification
of F. culmorum, F. graminearum and F. avenaceum (Gan et al., 1997; Iyer and Cousin, 2003).
In general suchtests are unable to differentiate the infectious pathogen to the species level but
they can be used for quantification across different physiological stages (Beyer et al., 1993).
PCR methods have been successfully used for the detection of a number of fungal pathogens
such as F. circinatum, D. pinea, F. oxysporum, Septoria tritici blotch (Grimm and Geisen,
1998; O’Donnell et al., 1998; Fraaije et al., 1999; Weiland and Sundsbak, 2000;
Schweigkofler et al., 2004; Luchi et al., 2007).

1.6.1 Traditional methods used for detection of plant pathogens and their limitations

Symptoms such as seedling wilt and dieback of terminal branches that may develop following

fungal infection are occasionally similar to those caused by other factors such as drought
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stress, excessive use of fertilizers, exhaustion of soil nutrients and pH shift (Ward et al., 2004).
Multiple infection of one seedling by different pathogens and other wilting pathogens, such as
F. oxysporum, which are normally found in nurseries, can also affect the detection based on
symptom development. The similarity of symptoms and mode of infection of F. circinatum
and D. pinea makes it difficult to distinguish them from one another once they have been well
established in the field (Skottrup et al., 2008). Some plants only show symptoms at late stages
of infection or under stress conditions (Bloomberg, 1981).

Growing pathogens on nutrient agar and inspecting their colony morphology, mycelium shape,
pigmentation, analysis of the secondary metabolites and viewing under the microscope are the
standard methods for diagnosis (Peltonen, 1995). These methods may be influenced by a
number of factors such as incubation conditions and variation in the mycelium formation. In
some cases there is a need to distinguish between populations of the same pathogen based on
virulence, resistance to antibiotics and production of toxins. For such diagnostics traditional

methods are not satisfactory.

1.7 Immunochemical detection methods

Antibodies may be raised against viruses, bacteria, specific proteins, hormones and fungi. One
of the main limitations to raising antibodies against more complex organisms such as bacteria
and fungi is the fact that these organisms may have different morphological features and may
express different structural proteins at each stage of their life cycle. Obtaining species-specific
antibodies has been one of the challenges that plant pathologists face. Most polyclonal
antibodies raised against fungi are only specific to the genus level (Arie et al., 1991; Gan et
al., 1997). This is due to the fact that most intact fungi possess proteins and carbohydrates
epitopes that are arranged in a similar manner throughout the genus. Immuno-assays that have
been developed over the years have been limited to soluble and homogeneous suspensions of
antigens (Arie et al., 1991; Arie et al., 1995; Gan et al., 1997; Hayashi et al., 1998). Such
limits have made the detection of fungal species difficult because these consist of insoluble
mycelia, which may be difficult to convert into soluble suspensions (Kitagawa et al., 1989;
Grimm and Geisen, 1998).

Antigens from fungal pathogens are commonly prepared by growing fungi in liquid medium.
The resulting filtrate contains exo-antigens. Mycelium pads are then re-suspended in buffer,
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homogenised and centrifuged. The supernatant obtained contains mycelium-soluble antigens
while the pellet contains mycelium fragments that can be directly used in immunisation as
whole cell antigens (Dewey et al., 1990; Brill et al., 1994; Gan et al., 1997; Hitchcock et al.,
1997; Hayashi et al., 1998). Latex antigens are those that are directly isolated from a plant
tissue infected with a specific fungus, and have previously been used for raising antibodies.
Selection of antigens to use when raising antibodies is specific to each individual study
(Tablel.1).

Detection systems based on the use of antibodies are only as good as the antibody produced.
But most importantly the preparation of the antigen plays a vital role, since any impurities may
limit the antibody specificity. For instance, injecting crude fungal culture, filtrates or the
whole mycelium will result in antibodies that recognise numerous antigens, making it difficult
to characterise the resulting antibody-specificity (Gan et al., 1997). Various antigen
preparation methods from fungal pathogens have been used to improve the specificity of
antibodies obtained. These include immunising with partially purified cell walls and
glycoproteins and using specific proteins produced by pathogens during the infection process
(Glancy et al., 1990; Arie et al., 1991; Gan et al., 1997). From these preparations problems
with cross-reactivity and non-specific detection of antigens have been observed. In most
studies antigen isolation from mycelium samples includes re-suspending mycelium in buffer,
homogenisation and pelleting the resulting debris by centrifugation. The clear supernatant with
a known concentration is used as the antigens for performing the ELISA (Arie et al., 1991;

Gan etal., 1997; Thornton and Gilligan, 1999). Preparation of antigens for immunisation from
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Table 1.1Fungal antigen preparations and their corresponding antibodies used in

immunological detection methods

Antigen preparation

Study by:

Antibody and immunochemical
assay

Comments

Whole cell antigens

Hitchcock et al.,
1997

Avrie et al., 1991

Monoclonal antibodies (anti-
Trichoderma) used in ELISA and
immunofluorescence (IF) assay

Monoclonal antibodies (anti-F.
oxysporum) used in dot
immunobinding assay

Cross-reactive with
species from other genera

More specific than
antibodies to mycelium-
soluble antigens.

Specific to the genus,
Fusarium

Mycelium-soluble
antigens

Hitchcock et al.,
1997

Holtz et al., 1994

Dewey and Meyer,
2004

Gan et al., 1997

Monoclonal antibodies (anti-
Trichoderma) used in ELISA and
immunofluorescence (IF) assays

Polyclonal antibodies (anti-
Thielaviolpsisbasicola) used in
ELISA, IF and western blotting

Monoclonal antibodies (anti-
Aspergillusand anti- Penicillium)
used in ELISA

Polyclonal antibodies used (anti-
Fusarium) in ELISA and western
blotting

70% and 123% cross-
reactivity with species
from other genera.

Cross-reactive with other
fungi commonly found in
the same environment
with Thielaviopsis
basicola Berk. & Br.
Reactivity obtained to
genus level

Cross-reacted with
antigens from other
genera

Latex antigens

Hitchcock et al.,
1997

Karpovich-tate and
Dewey, 2001

Monoclonal antibodies (anti-
Trichoderma) used in ELISA and
immunofluorescence (IF) assay

Monoclonal antibodies (anti-
Ulocladiumatrum)used in ELISA

ELISA was species-
specific to Trichoderma
and in IF cross-reactivity
was observed

Antibodies were specific
to genus level

Antigens from spore
suspension

Wright et al., 1987

Monoclonal (anti-mycorrhizal)
antibodies used in ELISA

Species-specific
antibodies obtained to
conidia and hyphae of
Glomus occultumC.
Walker.

Exo-antigens

Gan et al., 1997

Polyclonal antibodies (anti-
Fusarium) used in ELISA and
western blotting

Genus-specific antibodies
for some Fusarium
antigens species-
specificity obtained
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mycelium debris brings about significant cross-reactivity, because they contain cell wall

material such as chitin and other polysaccharides that are common between different species.
1.7.1 Antibody production and isolation

Two routes for the production of antibodies have been developed namely, polyclonal and
monoclonal (Ward et al., 2004). Experimental animals used for antibody-production include
horses, goats, donkeys, guinea pigs, rabbits and mice. For isolation of antibodies from these
experimental animals, collection of blood is required. For the production of monoclonal
antibodies mice is commonly used, but this may be limiting because some antigens are not
immunogenic in mice (Mojca, 2003). Like mammals, chickens make antibodies in response to
challenge with antigens. Production of polyclonal antibodies using chickens provides an
alternative, convenient and inexpensive method for antibody production. While the egg is still
in the ovary, immunoglobulin receptor mediated endocytosis transfers large amounts of the
serum immunoglobulin Y (IgY) into the yolk. The concentration of IgY in the yolk is
equivalent to that found in the serum. However, IgY in the yolk is easier to purify and can be
extracted in larger amounts, because the yolk is free of impurities such as IgM and IgA found
in the serum (Schade and Erhard, 2001). Chickens lay approximately one egg per day. The
total antibody (IgY) per egg varies from 40-80 mg, depending on the age of the laying hen
(Pauly et al., 2011). Antibodies obtained from one egg are equivalent to that obtained from
30 ml of blood from rabbits. However, only approximately 5 ml of blood can be collected per
day. The ability of chickens to produce high yields is advantageous because it reduces the
number of animals used in each study (Michael et al., 2010). Larger animals such as horses
and donkeys can pro