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CHAPTER 1: INTRODUCTION, LITERATURE REVIEW AND GLOBAL
DISTRIBUTION OF GUAVA WILT DISEASE

1.1 Guava
The common guava (Psidium guajava L.) is classified within the Myrtle family and is the most

important commercially cultivated fruiting genus (Popenpoe, 1948) within a family of over 140
plant genera and 3000 species (Ellshoff, et al., 1995). The Myrtaceae also includes such notable
genera such as Eucalyptus (Gum trees), Eugenia (including Cloves and Rose apples), Feijoa,
Pimenta (Pimento), Callistemon spp. (Bottlebrush), Leptospernum spp (Australian teabush), and
a large variety of lesser known plants. The Myrtle family is ancient and primarily distributed on
three Gondwanan derived continents, namely Australia, South America and Africa (Sytsma, et al.,
2004). Evolving in the warm, moist tropics, plants in this family have geographically spread and
climatically diversified and in so doing, have become significantly more specialized such as the
species found in the arid regions of Western Australia. Native species within the Myrtle family are
also found in Southern Europe (1 genus), Asia, and are confined to a few Genera in the southern

regions of North America (Berry, 1915).

The genus Psidium contains approximately 150 species of which 30 are considered edible (Kwee
and Chong, 1990) and of which there are twelve cultivated species that are of commercial
importance: P. guajava (common guava), P. montanum (mountain guava), P. littorale
(yellow/strawberry guava), P. freidrichstalianum (Costa Rican or wild guava), P. cattleianum
(strawberry guava), P. sellowiana (pineapple guava), P. guinense (Brazilian guava), P. cinereum

(araca do Campo), P. firmum (araca), P. salutare (araca-rasteiro), P. rufum (araca roxo) and P.
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acutangulum (para guava). All guava species are indigenous to the tropics of America (Morton,
1987, Kwee and Chang, 1990). The fruit were first reported growing in that region as early as 1526
by Gonzalo Hernandez de Olveido, who observed their use by the Aztecs, who called the fruit
"xalxocotl" meaning sand plum, a probable reference to the high number of stone cells in the fruit
flesh. Olveido was largely responsible for the fruits' introduction into the West Indies and later the
Philippines from where it was disseminated across the tropics of Asia. In 1754, Ehret, Trew and
Haid published >Plantae Selectae Quarum Imagines ad Exemplaria Naturalia Londini in Hortis
Curiosorum Nutrita Manu Artificiosa Doctaque Pinxit © (Fig.1.1) which approximately translates
to read, >”A Collection of Selected Plant Images to Model Nature in London and to Encourage
Curiosity by Learned Hand Paintings”=. This was the first botanical description of guava to appear
in Europe. In this classic botanical work, the authors described and painted plants they encountered
in their travels through Central and South America. The guava featured prominently in this work
and detailed water color depictions of the plant are found in the book (Fig. 1.2). Indeed, upon
closer examination of the water color descriptions of guava featured in the book, the authors
inadvertently also illustrated what we now know to be anthracnose symptoms on the fruit (Fig 1.3)
caused by Colletotrichum gloeosporioides (Penzig.), the anamorphic state of Glomerella cingulata

(Stonemam.) Spauld. and Schrenk.

According to Dweck (2003), the common guava is known outside the tropical regions of the
Americas by a wide array of names around the world such as: yellow guava and apple guava. In
the Philippines it is known as: bayabas, tayabas, guayabas (Tagalog); bayabas, guayabas

(Llokano). In Malaysia the local names are: jambu burung, jambu padang, jambu berasu, jambu
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buyawas, jambu Portugal, jambu batu, jambu biji, (Bahasa Malaysia). In West Africa some
common names for the guava are: gwaabaa (Hausa); woba (Efik); ugwoba (Igbo); guafa (Yoruba);

gua, aduaba; oguawa, eguaba, gouwa (Ewe).

In India, the guava has a wide variety of names reflective of the great diversity of dialects found
in that country, such as, perala (Sans); lal sufrium (Hind); lal peyara and goachi-phal (Bem); perala
(Bom); Jama; Jam-pandu (Tel); paera (Kom); zetton and jamphal (Sind); peru and jamba (Mah);
jamrukh (Guj); madhuria (Assam); amuk (Nepal); amrud (Arab and Persian); amrut (Punjabi);
malakabeng (Burmese). In Central America, guayava and guayabo (Spanish); goyave (French);
guyaba (Dutch) and guajaba (Haitian) from which the English name “guava” is probably derived
(Nakasone, 1998). These names from all over the world reflect the broad guava diaspora that has
occurred since the fruit was first discovered by Europeans hundreds of years ago. In fact guavas
are now cultivated on all continents (except Antarctica) and are truly pantropic. Guavas are found

throughout the tropical and subtropical regions of the world with a general climatic limit of
distribution between the latitudes of 35 north and 35P south. The common guava is limited to

elevations below 2000 m that are frost free. In many countries the guava has rapidly become
successfully naturalized, being largely spread by birds (Somarriba and Somarriba, 1985a). In many
countries the common guava (and other closely related species) have become aggressive invaders
of pastures as in Natal, South Africa (Baijnath ef al., 1982), Costa Rica (Somarriba and Somarriba,
1985b, 1987), Mauritius (Macdonald et al., 2003) as well as Fiji, and Hawaii (Huenneke and
Vitousek, 1990) where in some areas it is a declared a noxious weed, requiring intensive

management (Santos et al., 1989). Guavas are grown for the fresh, dried fruit, juice, puree, powder
3



or canned markets (Chan, 1983). Non-conventional processed products include seed oils (Pathak
and Dixit, 1984; Saha and Nagar, 1984), fodder (Hugar et al., 1991), pectin products (Duke and
Du Cellier, 1993), insect repellents (Sharby, 1989), wine (Dhawan et al., 1983) and tea (Grande
and Wondergem, 1985). The inherent versatility of the guava has resulted in the fruit gaining
greater grower and consumer attention in the more temperate climes of Europe and North America
(Proctor, 1990). Indeed this versatility has also resulted in many problems experienced by the
grower in trying to produce a crop for several divergent uses (Ito et al., 1990). Besides these
conventional uses, guavas have an important role in ethnopharmacology. The effects of various
guava preparations used in traditional medicines are well documented (Burkhill et al., 1985) and
until recently much of the pharmacology of these observed effects were unknown (Meckes et al.,
1996). Many cultures around the world use certain guava tissues in various formulations for the
treatment of ailments such as gout (Duke and Vasquez, 1994), toothache (Burkhill ef al., 1997),
diarrhea (Van Wyk et al., 1997) as well as being used as an astringent and as a wound dressing
(Grande and Wondergem, 1985; Lutterodt, 1989, Duke and Vasquez 1994). More recently
products containing ground, dried guava leaves, are being marketed as a cure for hangovers

(Anonymous, 2015).

1.2 Guava Production
Approximately 300,000 ha of guava are under commercial cultivation worldwide (Grech, 1988;

Anonymous, 2010), excluding subsistence guava farming, which would greatly increase these area
estimates. Commercial production is reported in 58 countries (Knight, 1980), with an estimated

global production of 500,000 MT in 1988 (Jagtiani et al., 1988) and increasing to 4 million tons



by 2004 (Pommer and Murakami, 2009). India has the largest reported area under guava
cultivation (Singh et al., 2007; Vigneshwara, 2013) at approximately 210,000 ha, followed by
Pakistan at 60,000 ha (Anonymous, 2008 and 2010; Hassan, 2012), Mexico (15,000 ha), Brazil
(20,000 ha), Colombia and Egypt each at 3000 ha (Adsule and Kadam, 1995; Anonymous, 2010).
These figures do not include production from wild guavas. Indeed in some developing countries
the guava tree is of great importance as a source of fuelwood (Somarriba and Beer, 1985;
Somarriba and Somarriba 1985a, 1985b, 1987; Roy and Gill, 1990) and the tree is often coppiced
for managed renewal of this fuel resource. The fruit has one of the highest per unit ascorbic acid
levels (above 200mg/100g fruit (Waddington and Cist, 1942) and has high consumer level of
appeal (Proctor, 1990). Indeed in the South African juice market, guava juices out sells all other
fruit juices (Guava Growers Association, personal communication, 1988). Guava fruit has also

been found to be a fair source of calcium, phosphorus and vitamin A.



The guava industries of Southern Africa are primarily located in the Cape winter rainfall region,
the Mpumalanga Lowveld, the Limpopo Province and the Swaziland and Mozambique
Lowveld regions, totaling approximately 1400 hectares in 1982, declining to approximately
1000 ha by 1985 and 650 ha by 1992 [of which approximately 500 ha were in the guava wilt
disease (GWD) free Western Cape regions (Anonymous, 1983; Grech 1985; Grech and
Rijkenberg, 1987; De Villiers and Joubert, 2004)]. By 2006 there had been some recovery in
the area planted to guava in the Limpopo and Mpumalanga Provinces to approximately 600 ha
primarily due to the introduction of the GWD tolerant guava selections, TS-G1 and TS-G2
(Schoeman et al., 1997; Schoeman et al., 2012; Severn-Ellis et al., 2012). However by 2009 a
renewed GWD outbreak was reported, but in this epiphytotic, TS-G1 and TS-G2 were observed
to be affected by this malady and the ensuing orchard destruction once again reduced the
planted hectarage in these provinces and led to widespread abandonment of guava cultivation

in favor of other crops (Schoeman and Labuschagne, 2014).

1.3 Guava Wilting Disease

Historically, guavas globally have been looked upon as a low maintenance tree crop capable
of growing in poor soils and are widely thought of as being a secondary crop in commercial
fruit growing operations. Prior to the mid-eighties the only diseases of any consequence to the
South Africa grower were of the fruit (Matthee, 1981). The major diseases of guava are fungal
in origin, with few reports of bacterial or viral induced maladies on the crop. Indeed, over the
last several decades, only one report of a viral disorder of the crop has been found by the author
(Sidek and Kwee, 1990) as well as one report of a bacterial disease caused by Erwinia psidii
(Rezende et al., 2008).Wilting diseases of guava can inflict severe losses in an industry, as has

been the case in India (Ray, 2002). South African guava farmers were fortunate that for many
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years, devastating wilting diseases were not present in the main production areas. However,
the situation for guava growers in Southern Africa catastrophically changed in the early
nineteen eighties, as a new lethal disease, guava wilt disease (GWD) became established in
parts of the north eastern and eastern regions of the sub-tropical Lowveld of South Africa
(Grech, 1983). By the late eighties, the disease had affected all the major growing regions
(outside of the Cape Province) and had resulted in an approximate yield loss in the national
industry of approximately forty percent (Grech, 1988). Legislation was promulgated in 1985
as a result of the appearance of the disease in the sub-tropical regions of South Africa,
restricting the movement of propagation material from the northerly infected regions to the
southerly (Cape Province) disease free regions!. In the field, affected trees exhibited a wide
range of symptoms that showed seasonal variation. Without exception, once diseased, trees
failed to recover and usually died within six months. The prognosis for guava growers was
worsened by the fact that the industry relied on one dual purpose, commercial cultivar, a
cultivar that proved to be very susceptible to this malady. By the early 1990's the tree loss due
to the GWD approached 70% in the Mpumalanga province. This study also identified other
regions of the world where GWD occurs. Several visits were made to the Republic of China,
Taiwan to study GWD. In addition, several other countries were visited to investigate the
possible incidence of GWD in those countries (Philippines, Malaysia, Thailand, Indonesia,
China, Mexico, Costa Rica, Panama, Colombia, Brazil, Peru, Ecuador and Honduras). Reports
of GWD were investigated primarily in Southern Africa but also in several countries that had
not previously reported (or confirmed) the presence of GWD. Suspected cases of GWD were

studied by recording the symptoms, collecting guava tissue isolations and attempting to recover

! www.guavaproducers.co.za



the causal organism, as well as testing the pathogenicity of any novel isolates, using the

methodologies described in Chapter 2.

Fig.1.1 Plantae Selectae Quarum Imagines ad Naturalia Londini in Hortis Curiosorum
Naturita Manu Artificiosa Doctaque Pinxit. Published in 1754.



Fig. 1.2. The first recorded pictorial description of Psidium guajava to appear in print in 1754. The
translated text reads: Guava leaf branches four sided, fruit oblong, flesh red. Figure 1. Branch
with anterior flowers, a. Rear view of a single flower. Figure2. Branch with fruit, b. Prepared
transverse fruit section, c. Seeds.



Fig. 1.3. A close up of the fruit from Figure 1.2. The red circled areas are suspected anthracnose
fruit spots caused by Colletotrichum gloeosporioides, a common fruit pathogen of guava in the
American tropics and subtropics.
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Figure 1.4. Known global distribution of guava wilt disease.

Wilting diseases of guava have been reported from many areas of the world where guava is
cultivated (Misra, 2007). Reports from India as early as 1945 (Hayes), 1947 (Das and Rai) and
1955 (Chattopadhyay and Gupta), identified the cause as Fusarium oxysporum Schlecht.
emend. Snyd. and Hans. Wilting maladies of guava have been reported in the USA (Alfieri et
al., 1984), Mexico and Honduras (Grech, 1994), Australia (Nakasone, 1998), Pakistan
(Hamiduzzaman et al., 1999), Taiwan, Republic of China (Leu and Kao, 1979), South Africa

(Grech, 1985), Malaysia (Schroers, et al., 2005; Ploetz, 2007), The Philippines (Quimio et al.,
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1984, Barnett, R., pers. comm'., 2001) and Thailand ( Athipunyakom and Manoch 1998;
Athipunyakom and Luangsaard 2008). Currently the known global distribution of GWD is

outlined in Figure 1.4.

Guava wilting disease (GWD) is the most destructive disease of guava. GWD has been
positively identified from Taiwan, where it is known locally as "Li-ku-bin" (Kurosawa, 1926),
South Africa, Mozambique and Swaziland (Grech, 1983). By 1987, approximately one million

trees had died of this disease in those countries (Grech and Rijkenberg, 1987; Grech, 1987).

Schoeman (unpublished in Schroers et al., 2005) reported a wilting disease of guava from
Malaysia. GWD has been confirmed in Thailand (Athipunyakom and Manoch, 1998) and
identified at that time as Acremonium psidii. Recently, the identification of the fungus was
confirmed in both Malaysia and Thailand (Athipunyakom and Luangsaard, 2008) as N. psidii.
In the Philippines an Acremonium wilt of guava was reported by Quimio et al., (1984). The
cause of the GWD reported in India, (Chattopadhyay and Gupta, 1955; Pandey and Dwivedi,
1985) was ascribed to the fungus Fusarium oxysporum Schlecht f.sp. psidii (Edward, 1959).
The symptomatology and epidemiology of GWD as described in India are very similar to those
described in South Africa and Taiwan (Grech, 1987; Dwivedi ef al., 1988). However, to date

the GWD pathogen reported in India has not been confirmed as being the same as the pathogen

1 Roberto Barnett. Senior Field Agronomist Chiquita Brands. Bo Land, Davao City, Mindanao,
Philippines, 8000
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in Taiwan or Southern Africa, although Misra (2007) suggested that Gliocladium roseum

Bainer as being the most potent wilting pathogen of guava isolated to date in India.

1.4 The Identity of the Pathogen Causing Guava Wilting Disease
The taxonomic status of the fungi causing GWD in the Republic of China (Taiwan) and the

Republic of South Africa appeared to be taxonomically similar (Grech, 1988). However, until
recently (Schroers ef al., 2003; 2005), the taxonomic status of the fungus was unclear. Initially
the GWD inducing fungus in South Africa was identified as Septofusidium elegantulum
(Pidlopl.) W. Gams (Roux, 1982, pers. comm.?), a Paecilomyces sp. (Grech, 1983), a
Gliocladium sp Corda (Grech, 1983), Gliocladium vermoesenii (Biourge) Thom and
Gliocladium catenulatum Gilman and Abbott (Brady, 1983, pers. comm.?), Gliocladium
vermoesenii (Sutton, B.C. 1983, pers. comm.*), Nalanthamala madreeya Subram (Gams, W.,
pers. comm., 1985°), a Gliocladium sp. (Menge 1994, pers. comm.®) and Penicillium Biourge
[=Gliocladium vermoesenii (Biourge) Thom., (Schoeman et al., 1997, Vos and Schoeman
1998, Geldenhuis et al., 2000)]. The GWD pathogen has been previously compared to the

persimmon wilt pathogen, Acremonium diospyri (Crandall) W. Gams (Benade et al., 1991;

2Roux, C. Senior Mycologist, retired. Mycology section, PPRI, Pretoria, RSA.

3Brady, B.L. Senior scientist, retired.. Commonwealth Mycological Institute, Kew, Surrey, U.K.
“Sutton, B.C. Senior scientist, retired. Commonwealth Mycological Institute, Kew, Surrey, U.K.
5Gams, W., Professor Emeritus, CBS, Oosterstraat 1, Baarn, The Netherlands.

®Menge, J. Professor emeritus, Dept. of Plant Pathology, UC Riverside, California, USA.
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Benade et al., 1992), and although morphologically similar, was found to be distinct in terms
of cytoplasmic long chain carboxylic acids.

Descriptions of the symptomology according to Crandall (1939; 1945; Crandall and Baker,
1950), Wilson (1963), McRitchie (1979) and Holdeman (1998), of persimmon wilt, closely
parallels that of GWD symptomatology, particularly in terms of the rapidity of death (two
weeks from the onset of symptoms), canopy symptoms (rapid wilting and defoliation),
spreading by root grafts, tissue discoloration (black streaks in the wood) and erumpent
sporulation (pink spore masses of the fungus produced beneath the bark). The impact of
persimmon wilt in the first half of the 20th century in the south eastern USA was clearly
described by McRitchie (1979) in terms of the rapidity and virulence of the pathogen as quoted
from his paper, “The fungus, Cephalosporium diospyri, virtually eliminated persimmon from
one of its main habitats, the central basin of Tennessee, and has been found south to Florida
and west to Oklahoma. The pathogen is so efficient that it was once proposed as a biological
control agent to eliminate unwanted native persimmons”. The description of the persimmon
epidemic in the USA closely resembles the decimation of the guava industry in the Province
of Mpumalanga as a result of GWD. Currently no acceptable level of commercial genetic
tolerance to persimmon wilt has been identified in D. virginiana because the industry is highly

reliant on the horizontally resistant Asian species (Diospyros kaki and D. lotus).

Schroers et al.,(2005) undertook a thorough taxonomic review and reclassification of the GWD
fungus, the palm wilt pathogen, Gliocladium vermoesenii and the persimmon wilt fungus,
Acremonium diospyri, utilizing morphological characters and molecular technologies. The
outcome was that he placed all these pathogens into the genus Nalanthamala. In this new
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classification, the causal organism of GWD in South Africa and Taiwan was named
Nalanthamala psidii (Biourge) Schroers to replace Gliocladium vermoesenii. A summary of
those revisions are given in Table 1.1., and which have contributed to a clearer understanding

of the taxonomy of the pathogens causing GWD globally.

Table 1.1. A summary of the taxonomic revisions to three closely related pathogens and their
placement in the Genus Nalanthamala by Schroers et al., (2005)

Previous identity Host Disease Geographic Proposed new name
distribution

Myxosporium psidii Guava Likubin (wilt) Asia Nalanthamala psidii

Gliocladium psidii Guava Guava Wilt  Southern Africa Nalanthamala psidii

Gliocladium vermoesenii Palm Pink Rot Americas, Asia, Nalanthamala vermoesenii

Australia, Europe

Acremonium diospyri persimmon Persimmon  North America Nalanthamala diospyri
Wilt

GWD spread quickly in South African and Taiwanese commercial varieties due to inadequate
host resistance (Grech et al., 1987). The South African industry was exclusively based on one
commercial cultivar; Fan Retief, a multi-purpose cultivar that is highly susceptible to the

disease (Grech et al., 1985, Du Preez and Welgemoed 1988).

Over the course of this study, guava wilt disease was not detected in any sites visited in the
Americas and is currently limited to South East Asia and Southern Africa (Fig. 1). Outside of

any country (or region) that had previously reported GWD, the disease was only detected in
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Malaysia (where at the time writing this study, it has not been officially reported to be present).
In Taiwan the disease spread from its first detection point in 1926 to all production regions on
the island over a period of 50 years. A report of GWD occurring in Xiamen, Fujian, China in

2002 was investigated by the author and found not to be valid.

Fortunately, at present the Cape production areas of South Africa are free of GWD and the
movement of plant material to those areas from the northern and eastern guava growing regions
has been prohibited since 1985 (Grech and Rijkenberg, 1987). The situation in Taiwan
followed a similar pattern except that four commercial varieties were generally used, all of
which were highly susceptible to the GWD pathogen. In Taiwan the ubiquitous distribution of
GWD resulted in the average orchard replacement cycle being reduced to eight to ten years as
compared to 25-30 years in South Africa when the disease was first identified in the early
eighties (Grech, 1987). Since that time, average tree age has diminished in South Africa as
GWD has spread. The reduced orchard longevity resulting from GWD infection, coupled to
increased costs of orchard replacement have significantly increased production costs. In most
cases, where orchards have been afflicted with GWD, guavas are not re-established on the lands

due to the threat of rapid re-infection of the new orchard.

1.5  Thesis Research
The studies reported herein were field orientated and focused on multiple research objectives

with particular emphasis (but not limited to): the global distribution of GWD and N. psidii
strain collections; confirmation of the taxonomic status of the causal organism; histopathology

of GWD; characterization of the disease symptomology and the development of a GWD rating
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scale; understanding the etiology of GWD, and the disease cycle; determination of the host
range of N. psidii within the Myrtaceae, germplasm collections and screening for N. psidii
resistance and the development of management strategies for GWD. These studies were
conducted over several years in multiple international locations within both commercial
orchards and dedicated research sites. A significant amount of work is not reported in this thesis
as it falls outside of the scope of this work or is to voluminous to be included. This thesis

consists of thirteen distinct chapters addressing the aforementioned objectives.
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CHAPTER 2: ISOLATION OF THE CAUSAL ORGANISM OF GUAVA
WILT DISEASE, AND FULFILLMENT OF KOCH’S POSTULATES

ABSTRACT

Extensive collections of guava root and stem tissues were undertaken from trees expressing
guava wilt disease (GWD) symptoms in various production areas in Southern Africa and
Taiwan. Fungal isolation procedures from diseased guava xylem tissues resulted in the
consistent recovery of a fungus that had identical cultural morphology from all geographical
regions that were sampled. All isolates were pathogenic to the major guava cultivar grown in
South Africa (cv. Fan Retief), when inoculated in the main stems of greenhouse plants grown
under diurnal lighting conditions at 25°C or 33°C, and when utilizing mycelial or conidial (or
both) inocula. The fungus was found to require wounding for infection. It produced two types
of conidia in culture (Type 1 and Type 2). The fungus was successfully re-isolated from
inoculated tissues and Koch’s postulate was fulfilled. In active woody tissues, the fungus
moved acropetally more rapidly than basipetally. The fungus morphologically was identical to
that described from Taiwan, Nalanthamala psidii (Biourge) Schroers, which causes a wilt of

guava in that country.

2.1 INTRODUCTION
GWD is the most serious disease of guava globally (Hong et al., 2015) and caused by

Nalanthamala psidii (Biourge) Schroers. In the course of this study, the disease was found to
be present in the production regions of Mpumalanga, Limpopo (South Africa), Swaziland and
Southern Mozambique (Leu and Kao, 1979; Grech, 1985, 1990). In addition, infected guava
tissue was also collected from several locations in Taiwan, Republic of China. The aim of this
study was to isolate the causal organism, fulfil Koch’s postulates and investigate the role of

wounding in terms of infection by the GWD pathogen.
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2.2 MATERIALS AND METHODS

2.2.1 Collection procedures

Diseased guava trees with symptomatology resembling those described by Grech (1983, 1985),
were identified. Tissue samples (wood sections, 30cm from above the soil line, 1cm thick and
cut perpendicularly across the trunk), were collected from guava trees exhibiting typical early
symptoms (Leu and Kao, 1979) of GWD from South Africa, Taiwan, Swaziland and
Mozambique (Table 2.1). The samples were refrigerated at 10°C for not more than two days
prior to processing. The trunk sections were cut longitudinally along the grain of the wood,
across the entire diameter of the section, into approximately lcm® cubes, prior to isolation
procedures. Additional trunk sections were collected from healthy and infected trees by cutting
a section 20 cm in length from the main trunk or scaffold branch. Some of these sections from
diseased trees exhibited typical bark blistering (Fig. 2.2), which contained sporodochial

structures (Leu and Kao, 1979; Grech 1985).

2.2.2 Isolation procedures

The trunk wood sections from healthy diseased and recently dead trees (three days post-
mortem) were surface sterilized by placing them in 0.5% sodium hypochlorite (NaOCl) for 2
minutes, followed by rinsing in sterile deionized water (SDW). These sections were then
aseptically pared into 0.5mm? pieces and placed in 9 cm diameter Petri dishes of half strength

potato dextrose agar [(PDA) Difco Inc., Sparks, Nevada, USA], amended with 100 mg.L!
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penicillin (Merck Chemicals, Halfway House, Johannesburg, RSA). Trunk sections from
diseased trees that did not have evidence of bark blisters or sporodochial development were
placed in a humid chamber at 95% relative humidity for 3 days at 28°C°C. From conidial
masses that formed on the cut ends, conidia were removed using a sterile wire needle, and
plated onto half strength corn meal agar (Difco Inc., Sparks, Nevada, USA) amended with 100
mg.L! penicillin (CMA+P). Trunk sections with evidence of unruptured bark blisters were
examined and the outer bark peeled away to expose the sporodochial structures. Conidia from
the sporodochia were removed on a sterilized metal needle and plated onto half strength

CMA+P.

Tissue isolates in Petri dishes were incubated at 25°C°C under a 12h day/12 night lighting
regime for five days. Color 95, TLD 18 W cool fluorescent daylight tubes (Philips Pty, Ltd,
Johannesburg) were used to illuminate the cultures (placed 30cm below the lamps), emitting a
nominal visible spectral intensity of approximately 2.16 x 10° W c¢cm™. The ballasts for the

lamps were mounted outside the incubators to avoid local heating effects on the cultures.

Petri dishes were observed after three days for evidence of microbial growth. If detected, the
microbial culture was sub-cultured onto half strength CMA and incubated as above. After 5
days in culture, the predominant isolate(s) were selected, and re-plated onto half strength CMA.
Hyphal tips were isolated from these cultures using a fine point needle and plated onto half
strength CMA. After seven days of incubation under the same conditions as described above,
the fungal cultures were put into storage as slant cultures (CMI, 1983) under oil, as well as
storing some isolates in a lyophilized state. Cultures were assigned a code (Table 2.1) and
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representative isolates sent to mycological identification centers, including The
Commonwealth Agricultural Bureau International Bioscience, Egham, U.K. and the

Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands.

2.2.3 Fulfilment of Koch’s Postulates

Several hundred guava plants (cv. Fan Retief) were propagated by modified air layering (also
known as marcottage), as described by Hartmann et al,. (1983). The modified technique
comprised of removing a 25 mm section of bark from a branch approximately 12 mm in
diameter and spraying it with100 mg.L"! indole butyric acid (Merck, Halfway House, South
Africa), dissolved in an ethanol:water:glycerol (50:25:25 ratio) solvent, over the cut surface
immediately before planting it into the growing medium. Although labor intensive and slow,
the technique is suited to humid regions. Further, guava is difficult to propagate through leaf

cuttings (Fitchett, 1986, pers. Comm?; Hartmann et al., 1983; Vos et al., 1998).

Approximately 150 fungal isolates from wilted guava trees at various geographic locations
(Table 2.1), and putatively assumed to be infected with GWD, were each utilized in the
fulfillment of Koch’s postulates. Of these, two representative GWD type culture isolates, one
from Taiwan and the other from South Africa (designated CSF t226 and CSF 221), were
utilized for subsequent further studies. All isolates were sub-cultured onto PDA in Petri dishes

and incubated under conditions as described earlier. After 8 days incubation, a Smm diameter

2 Fitchett, M., Previously of ITSC, Nelspruit, RSA

28



plug of mycelium from 5 mm behind the advancing front of the expanding colony on PDA was
removed. These plugs were inserted into a 2cm? bark flap on the trunks, 10 cm above the soil
line, of 1 year old clonal guavas (cv. Fan Retief). The wound was gently wrapped with
Parafilm® (Pechiney Packaging Inc., New Jersey, USA, formally American National Can,
Chicago, USA), followed by sealing with masking tape (3M, Minnesota, USA), as shown in

Fig. 2.1.

Figure 2.1. Artificial inoculation of a 1 year old guava plant (cv. Fan Retief) showing the
inoculation point (IP).
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Identical fungal plugs were similarly placed against the unwounded trunk of Fan Retief guava
trees and also gently wrapped with Parafilm®. In both inoculation groups, two additional
Control treatments were applied: sterile PDA plugs were placed on the unwounded trunk, or in

a bark flap on the guava plants.

2.2.4 Preliminary pathogenicity tests of different conidial types

It was observed that the cultural phenotypic characteristics of N. psidii isolates that were grown
on rich culture media such as PDA and repeatedly sub-cultured, underwent a significant change
in macroscopic cultural morphology (usually within 5-6 sub-cultures). Hence, in addition to
the pathogenicity testing mentioned above, an isolate of a sub-culture of a South African GWD
isolate (CSF 207) that exhibited gross morphological differences from the type cultures was
compared to Isolate CSF 221, in terms of pathogenicity. CSF 207 was used to inoculate five
ten clonal guava plants, as described earlier, to determine if these morphological changes

occurring in artificial culture were indicative of a change of pathogenicity.

The inoculated plants were placed in a greenhouse chamber at a constant 33°C. All plants were
under natural lighting and randomized into single tree plots. Each treatment was replicated five
times. Plants were monitored over the course of four to five months for disease symptoms
(growth abnormalities, stem necrosis, wilting and eventual death). During the course of the
experiments, plants that died were removed and six wood sections (three above the inoculation
point and three below, at 3 cm intervals, starting at the point of inoculation) were removed
from the trunk for pathogen fungal re-isolations (no later than 24-48 hours after plant death).
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At the end of the 4 month assessment period all wounded plants (and unwounded guava trees
inoculated with the N. psidii isolates) were sectioned similarly for fungal isolation and

examined under the light microscope for the presence of fungal colonization.

The two GWD type isolates (CSF t226 and CSF 221) both produce two conidial types (Chapter
3). The two isolates and their two conidial types were tested for their comparative pathogenicity
at two incubation temperatures. Isolates were single spored by aseptically transferring 20
individual conidia with a sterilized fine pointed metal needle to two Petri dishes of acidified
water agar [WAA, 20g agar (Difco Inc., Sparks, Nevada, USA) in 1L of deionized water,
adjusted to a pH 5.0] and incubated as above. Isolates derived from single spores were grown
under incubation conditions, as described in Chapter 4, which favored Type 1 or Type 2
conidial production. The Type 1, hydrophobic conidia are primarily produced on aerial
conidiophores (Chapter 3, Figs. 3.8, 3.9 and 3.10), and were isolated by inverting the profusely
sporulating Petri plate culture and contacting the basal plate with a vibratory spatula for 15
seconds. This procedure was applied to 20 Petri plate cultures. The lids were carefully removed
under sterile conditions. The conidia were harvested by sequentially washing each plate with
the same 10 ml of SDW plus a sterilized non-ionic wetting agent (0.1% Tween®’, (Merck
Chemicals, Halfway House, Johannesburg, RSA). In addition, each Petri plate lid was lightly
rubbed with a sterilized camel-hair brush to loosen adhered conidia. The conidial suspension

was checked for spore density and purity of Type 1 conidia by direct microscopic examination.

Type 2 conidia are hydrophilic and are predominantly produced on prostrate conidiophores in
gelatinous heads (Chapter 3, Figs. 3.8, 3.10 and, 3.12). Petri plate cultures of the N. psidii
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isolates were established on 20 plates of half strength PDA. Sterilized glass plates were placed
over the surface of the actively growing cultures and the Petri lids placed on the Petri dishes.
These plates were incubated in darkness for 2 weeks at 20°C. The Type 2 conidia were
harvested under aseptic conditions by rinsing the 20 Petri dish cultures sequentially with the
same 10 ml of SDW containing a sterilized non-ionic wetting agent (0.1% Tween?®). The glass
plates and the surface of the cultures were lightly rubbed with a sterilized camel-hair brush to
loosen adhered conidia. The suspension was then examined microscopically to determine the
density and purity of the Type 2 conidial suspension. Purification of the Type 2 conidial
suspension was further undertaken by filtering the conidial suspension under partial vacuum
through a Millipore filter with a pore aperture slightly larger than the longest axis of the smaller
Type 1 conidium (5 pm). The larger Type 2 conidia were then recovered by inverting the
Millipore filter and back flushing with an additional 100 ml of SDW plus wetter to release the
adhered larger conidia. The viability of conidia subjected to these treatments were assessed by
single sporing a sub-sample of them onto water agar (amended with 100 mg.L"! penicillin) and
observing whether or not germination occurred. Following spore separation, conidial densities

were adjusted to approximately 1 x 10° conidia.ml™', using a haemocytometer.
y pp y g

Guava plants (cv. Fan Retief) were inoculated as previously outlined except that the inoculum
in this case was 1 ml of the respective Type 1 or Type 2 conidial suspension placed inside a 2
cm bark flap on the trunk of the test plants. Control plants were similarly treated except that
the respective spores were applied to unwounded tissues. Treatments were replicated 5 times,
each replicate comprising a single plant. All treatments were placed in temperature controlled
greenhouses under ambient light. One group of treatments was placed in a greenhouse chamber
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held continuously at 25°C while the other group of treatments was placed in a similar
greenhouse chamber held at 33°C. Plants were monitored over four months for GWD
symptoms, as prior unpublished work by Grech had shown that tree mortality was slower when
conidia were used as the inoculum, compared to mycelial agar plugs. An additional group of
treatments were incubated in the greenhouse in the same manner as for the conidial inoculations
except that mixed Type 1 and Type 2 conidial suspensions were compared to mycelial
inoculations, as described earlier, to test for relative rapidity of induction of plant mortality by

mixed Type and Type 2 conidial inoculum versus pure Type 1 or Type 2 conidial inoculum.

23 DATA ANALYSES

Data were analyzed by one or two way analysis of variance and where appropriate, treatment

means were separated using the Waller-Duncan £-ratio ¢ test (Little and Hills 1990).

24 RESULTS

2.4.1 Isolation of the causal organism

Incubation of trunk sections from diseased field-collected guava trees resulted in profuse fungal
growth from xylem tissues immediately adjacent to cambium tissues (Fig. 2.2). Shortly after
tree death, bark blisters appeared on the trunk and branches, which then ruptured and released
conidia from sporodochial structures (Fig. 2.2). Initially, mycelial growth was emanating
exclusively from the active xylem (outer wood) on cut trunk sections. Tissue isolations from
GWD infected guavas from all geographic locations resulted in a high recovery (> 85%) of
identical fungal isolates.
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Fungal growth was not initially observed growing from the heart wood (inactive xylem) until
after several days of incubation of the trunk sections of recently dead guava trees (Fig 2.2).
Active (living) xylem tissue isolations from the trunks of diseased guavas, in all geographic
locations tested, consistently gave rise to fungal isolates that were morphologically identical

and shared similarities with species in the genus Nalanthamala.

Figure 2.2. Sporulation on various tissues from a recently dead guava tree (3 days post
mortem).
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SM = Sporulating mycelia emanating from cut or abraded surfaces.

S = Sporulating mycelia emerging from sporodochia beneath the bark.

EM = Emergent mycelia from active xylem vessels in the outer trunk regions.

2.4.2 Pathogenicity tests and fulfillment of Koch’s Postulate

Isolates from GWD-infected guava trees, from all geographic locations induced plant mortality

when inoculated into wounded test plants. A fungus was consistently recovered from infected

tissues that was identical to the fungus used to inoculate the plant. Plant mortality was only

observed where the N. psidii isolates (conidia or mycelium) were wound inoculated into the

guava tree clones (Tables 2.1 and 2.2).

Table 2.1 Guava wilt distribution in selected regions, predominant fungal genera isolated and

pathogenicity
Location Dates CSF Putative fungal Pathogenic
accession no.? identification® on guava‘
South Africa
Malelane 1982-87 CSF 112-131 Nalanthamala Yes
Louw's
Creek, 1982-88 CSF 202-225 Nalanthamala Yes
Kaapmaiden 1983-87 CSF 307-312 Nalanthamala Yes
Barberton 1984-88 CSF 356-368 Nalanthamala Yes
Nelspruit 1985-90 CSF 402-434 Nalanthamala Yes
Brondal 1985-90 CSF 507-526 Nalanthamala Yes
Hoedspruit ~ 1986-91 CSF 607-612 Nalanthamala
Levubu 1987-92 CSF 703-710 Nalanthamala Yes
Swaziland
Manzini 1988-95 CSF s7-10 Nalanthamala Yes
Mozambique
Maputo 1989-91 CSF m3 Nalanthamala Yes
Taiwan
Taichung. 1987 CSF t201-203 Nalanthamala Yes
Ta Sir 1987 CSF t204-209 Nalanthamala Yes
Tainan 1987 CSF t210-218 Nalanthamala Yes
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Fengshung  1987,2000  CSF t218-229 Nalanthamala Yes

@ Fungal isolate collection codes, ITSC, Nelspruit. °Based on cultural morphological
characteristics of predominant fungi isolated from diseased guavas and determined to be
pathogenic. “Ten single plant (cv. Fan Retief) replicates were inoculated with a type culture
fungal isolate as described above. Treatments were assessed over a four month period for any
symptoms of GWD and ultimately plant mortality.
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Fungal colonization of the xylem vessels was observed to occur significantly faster acropetally
than basipetally (Fig. 2.3). In most of the inoculated trees, at the time of tree death, the N. psidii
isolates were recovered in lower frequencies from the xylem tissues below the trunk inoculation
point as compared to recoveries from above the inoculation point. None of the Control trees

developed GWD.

Figure 2.3. The influence of distance from the trunk inoculation point on the recovery of the
GWD fungus. Tissue sections were excised from the diseased trees no later than 24 hr after
plant death.

Unwounded trees inoculated with the N. psidii isolates (conidia or mycelium) remained healthy

over the course of the experiment (Table 2.2).
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2.4.3 Preliminary pathogenicity tests of different conidial types

Both conidial types of both isolates were found to be infective at 25°C°C and 33°C°C when
wound inoculated into guava tissues (Table 2.2). Inoculations that were attempted without
wounding were unsuccessful in inducing plant death.

Table 2.2. Pathogenicity on guava of the Type 1 (T-1) and of the Type 2 (T-2) conidia

produced by the Nalanthamala psidii isolates, CSF 221 (South African) and CSF t226
(Taiwanese), when inoculated on to wounded or unwounded tissues

Isolate Number of dead trees (of 5)*
T-1 T-2
25°C 33°C 25°C 33°C

Wounded
CSF 221 52)a 5(4)a 5()a 53)a
(RSA)
CSF t226 52)a 5(0)a 53)a 53)a
(ROC, Taiwan)

Unwounded
CSF 221
(RSA) 0b 0b 0b 0b
CSF t226
(ROC, Taiwan) 0b 0b 0b 0b

* Five replicates per treatment, trees assessed at 2 mo. and 4 mo. after inoculation (figures in
parenthesis). Figures outside of the parentheses in the same column followed by the same letter
are not significantly different from one another according to the Waller-Duncan k-ratio ¢ test
(P=0.01). RSA = Republic of South Africa, ROC = Republic of China.

Isolate CSF 207 induced plant death in guava, albeit at a slower rate than Isolate CSF 221.

When re-isolated from guava, the cultural morphology of this isolate reverted to that of the
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type culture, CSF 221, and induced plant death at similar rates to Isolate CSF 221 in subsequent

inoculations of guava trees.

2.5 DISCUSSION

All N. psidii isolates were pathogenic to guava (cv. Fan Retief), in these experiments (Table
2.1). Inoculated guava plants expressed leaf discoloration, leaf drop and wilting symptoms
within approximately 5-6 weeks. All plant died within four months of inoculation, although
many plants died sooner. Nalanthamala psidii isolates did not induce plant mortality unless the
plants were wounded prior to inoculation, suggesting that this fungus is a wound pathogen
(Table 2.2 and Chapter 4, Fig 4.5), a property shared with the persimmon wilt fungus (Crandall,
1939; Crandall and Baker, 1950). Persimmon wilt is caused by the fungus Nalanthamala
diospyri (Crand.) Schroers and M.J. Wingf., 2005. Previously it was identified as Acremonium
diospyri (Crandall) W. Gams (and prior to that, identified as Cephalosporium diospyri Crand.).
The Genus Acremonium is reported to contain species that produce two conidial types (Giraldo,

et al., 2014), a property shared with the GWD pathogen.

Subsequent re-isolation of the fungus from inoculated guava plants fulfilled Koch's Postulates.

These results are in agreement with those of Leu and Kao (1979), Schroers et al., (2005) and

Athipunyakom and Luangsaard (2008).
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Both types of conidia produced by the GWD pathogen were infective only when applied to a
wound. They appeared to have different temperature optima, which is important for the
epidemiology of the pathogen, allowing for infection over a broader temperature range. In trunk
inoculations, the GWD pathogen moved faster acropetally than basipetally (Fig. 2.3), a

common phenomenon in vascular wilting fungi (Bruehl, 1987).

The result that Isolate CSF 207 induced plant death in guava at a slower rate than Isolate CSF
221, reflecting reduced pathogenicity. However, when passed through and re-isolated from
guava, the cultural morphology of Isolate CSF 207 reverted to that of the type culture, CSF
221, and at a rate of pathogenicity similar to Isolate CSF 221, which suggests that the loss of

pathogenicity was epigenetic rather than a permanent mutation.
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CHAPTER 3: IDENTIFICATION, TYPE CULTURE COMPARISONS,
MICROSCOPY AND GENOMIC ANALYSIS OF THE PATHOGEN,
NALANTHAMALA PSIDII

ABSTRACT

The taxonomy of the causal fungus of guava wilt disease (GWD) has over the past several
decades been challenging. The GWD fungal pathogen isolates from Asia and South Africa are
morphologically identical. This pathogen has been classified as Nalanthamala psidii (Biourge)
Schroers. Microscopic studies identified unique features of this fungus such as two distinct
conidial types (Type 1 and Type 2), which are produced on different host tissues and which
have different germination temperature optima. Type 1 and Type 2 conidia were successfully
separated and were both found to be highly infective, inducing plant death usually within 4
months after wound inoculation. Other important etiological attributes of N. psidii were
observed and examined, such as: prolific conidiogenesis on moribund and/or dead host tissues
of aerial and water disseminated propagules; two distinct types of hyphae; competent host
xylem colonization; chlamydospore production in axenic culture; and with the production of
endohyphae in culture and within the host’s xylem tissues, which is an important adaptation
for vascular wilt inducing fungi. Scanning electron microscopy revealed that N. psidii breached
xylem vessel pits utilizing morphologically distinct slender hyphae. Extensive tyloses were
observed in above ground infected active xylem (sapwood) tissues but not in root tissues, where
amorphous agglomerations were more common. Pathogenically, N. psidii shares significant
similarities with the persimmon wilt fungus and the palm pink rot fungus, both of which are
now classified in the genus Nalanthamala and which have been described as Nalanthamala
diospyri (Crandall) Schroers and Nalanthamala vermoesenii (Biourge) Schroers, respectively.
Genomic analyses utilizing the D2 region of the 28S large subunit genome indicated that these
three plant pathogens were closely related and shared significant sequence homology. These

studies supported the placement of the guava wilt pathogen in the genus Nalanthamala.

3.1 INTRODUCTION

42



Guava wilt disease (GWD) was first reported in South Africa and Swaziland by the author in
1982 (Grech, 1983; Grech 1985a, 1985b; Grech and Rijkenberg, 1987) and was initially
described as being caused by Septofusidium elegantulum (Pidopl.) W. Gams. Septofusidium is
an obscure genus of three species, all similar to Acremonium (Gams, 1971). Indeed,
Acremonium diospyri (Crandall) W. Gams (previously identified as Cephalosporium diospyri)
has been described as causing a wilt of persimmon (Diospyros virginiana) and sycamore (Acer
pseudoplatanus), diseases that share many similar symptoms to GWD (Crandall, 1945;
Crandall, and Baker,. 1950; Wilson, 1963; MacRitchie 1979; Leininger et al., 1999). In Taiwan
the wilt disease of guava (abbreviated in this study as TGWD), as reported by Kurosawa
(1926), was described as being caused by Myxosporium psidii Sawada and Kurosawa (Hsieh
etal., 1976), a genus previously determined to be no longer valid (Hohnel, 1915). Brady (1983,
personal communication) identified a South African and a Taiwanese isolate of the GWD
pathogen as Gliocladium vermoesenii and G. catenulatum (IMI 279785 and 277770),
respectively. Gams (1985, personal communication), on the other hand, believed this to be a
new fungus resembling Nalanthamala madreeya, a fungus not known in culture. Menge (1994,
personal communication) believed that the GWD fungus should be placed in the genus
Gliocladium. Preliminary studies (Grech, 1987 and 1988) indicated that the Taiwanese and
South African GWDs were similar and were both caused by a species of Gliocladium.
Gliocladium vermoesenii (Bourge) Thom has been reported as causing severe wilt diseases on

a number of palm species in several countries (Feather, et al., 1979; Feather, 1982).
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The review by Schroers (2005) of the GWD fungus, the palm wilt pathogen, Gliocladium
vermoesenii and the persimmon wilt fungus, Acremonium diospyri, utilized morphological
characters and molecular technologies. This study significantly clarified the taxonomic status,
as well as providing a clearer understanding of these three pathogens. A chronology of the
nomenclature assigned to the GWD pathogen is given in Table 3.1, including comments as to

the limitations of prior putative identifications ascribed to this fungus.
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Table 3.1. A Chronology of the Nomenclature Assigned to the Guava Wilting Pathogen

Location Date Collector, Putative I.D Identification
isolated by, (and identifier) anomalies
depositor®

Taiwan 1926  E. Kurosawa Myxosporium psidii (Kurosawa) Genus not valid

Taiwan 1979 LS. Leu Myxosporium psidii (Leu) Genus not valid

South Africa 1981  B.Q. Manicom Paecilomyces (v.d. Westhuizen) Monoconidial

South Africa 1982  N.M. Grech Septofusidium sp. (C. Roux) Monoconidial

South Africa 1983  N.M. Grech S. elegantulum (C. Roux) Monoconidial

South Africa 1983  N.M. Grech Gliocladium (Grech) Monoconidial

South Africa 1983  N.M. Grech Gliocladium vermoesenii (Sutton) Type culture

dissimilarity

Taiwan 1983  N.M. Grech Gliocladium catenulatum (Brady) Monoconidial

South Africa 1983  N.M. Grech Gliocladium vermoesenii (Brady) Type culture

dissimilarity

Philippines 1984  Quimio Acremonium sp. (Quimio) Type culture

dissimilarity

South Africa 1985  N.M. Grech Nalanthamala madreeya (Gams) Not known in culture

South Africa 1990  N.M. Grech Gliocladium sp. (Menge) Monoconidial

South Africa 97-2002 M.H. Schoeman Gliocladium vermoesenii (Schoeman) Type culture

dissimilarity

South Africa 2005  H.J. Schroers N. psidii (Schroers) rDNA confirmed I.D.

South Africa 2007  N.M. Grech N. psidii (Grech) rDNA confirmed I.D.

India 2007  A.K. Misra Gliocladium roseum (Misra) Monoconidial
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Roux, C., Senior Mycologist and G.C.A van der Westhuizen, both retired. Mycology Section,
PPRI, Pretoria, RSA; Brady, B.L. Senior Scientist, retired. Commonwealth Mycological
Institute, Kew, Surrey, U.K.; Sutton, B.C. Senior Scientist, retired. Commonwealth
Mycological Institute, Kew, Surrey, U.K.; Gams, W., Professor Emeritus, CBS, Oosterstraat
1, Baarn, The Netherlands.; B.Q. Manicom, Deputy Head, retired, ITSC, Nelspruit; E.
Karosawa, TARI, Taichung, Taiwan, deceased. L.S. Leu, Senior Scientist, retired, Fengshan
Tropical Research Station, Taiwan; M. H. Schoeman, Senior Researcher ITSC, Nelspruit,
South Africa; H.J. Schroers, CBS, Utrecht, The Netherlands; Menge, J. Professor Emeritus,
Dept. of Plant Pathology, UC Riverside, California, USA.

The purpose of this study was to further investigate the identity of the causal organisms of
GWD in South Africa (GWD) as well as from Taiwan (TGWD) and to re-confirm the
taxonomic status of these organisms. The two type cultures of the TGWD and GWD isolates
of N. psidii, one from Taiwan and the other from South Africa, were designated CSF t226 and

CSF 221.

3.2 MATERIALS AND METHODS

3.2.1 Fungal type cultures

Representative isolates of the GWD pathogen from South Africa and Taiwan were compared
to type cultures of fungi that were believed to be related to the GWD pathogen and/or fungi
that the GWD pathogen had been previously taxonomically assigned. These type cultures,
accessed from various persons and mycological institutes, as given in Table 3.2., were used for

morphological and pathological comparisons.
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Table 3.2. Fungal Type Cultures Used for Taxonomic Comparisons with the Nalanthamala
psidii Isolates and their Pathogenicity to Guava

Isolate Source Host Pathogenic on
Guava*

Gliocladium album IMI 40084 Physarum No

G. virens IMI 177777 Ricinus communis No

G. viride IMI 96735 Populus spp. No

G. deliquescens IMI 69036 Eucalyptus regnans No

G. flavofuscum IMI 100714 Soil No

G. roseum IMI 177664 Triticum No

G. catenulatum IMI 57402 Pyrus No

G. vermoesenii IMI1 40231 Citrus No

Paecilomyces sp. Marasas, M.R.I. Unknown No

Acremonium diospyri ~ ATCC 9066 Diospyros virginiana ~ No

G. vermoesenii® IMI279785 (CSF221)  P. guajava Yes

G. vermoesenii® CSF 207 P. guajava Yes/low

virulence
G. vermoesenii® IMI1 277770 (CSF t226) P. guajava Yes

IMI= CABI Bioscience (formally International Mycological Institute), Egham, UK., ATCC =
American Type Culture Collection, Manassas, Virginia, U.S.A., PREM=ARC, National
Collection of Fungi (formally Mycological Research Unit), Pretoria, R.S.A. MRI = Medical
Research Institute, Tygerberg, R.S.A. CSF = author’s collection of N. psidii isolates held at the
CSFRI (now ITSC). * Five cloned guava plant replicates (cv. Fan Retief) were inoculated with
a type culture fungal isolate, as previously described. Plants were assessed at 25°C and 33°C

over a four month period for any symptoms of wilting or vascular necrosis.

2 Putative

identification of the GWD pathogen (personal communication, Brady, 1983). CSF 207xp is a
previously pathogenic GWD isolate that in culture became predominantly non-pathogenic.
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Septofusidium elegantulum (Pidopl.) W. Gams has been described as being hard to culture
(Gams, 1971) and during these experiments, cultures were not available. Similarly, the type
species of the genus Nalanthamala, N. madreeya, was not known in culture when these

experiments were being conducted.

Fungal type cultures were also initially plated onto half strength cornmeal agar [CMA (Difco,
Sparks, Nevada, USA)] and incubated at 25°C under a 12h day/12 night lighting regime for
five days. Color 95, TLD 18 W cool fluorescent daylight tubes (Philips Pty, Ltd, Johannesburg)
were used to illuminate the cultures (placed 30cm below the lamps), emitting a nominal visible
spectral intensity of approximately 2.16 x 10> W cm™. The ballasts for the lamps were mounted

outside the incubators to avoid local heating effects on the cultures.

Petri dishes were observed after three days for evidence of microbial growth. If detected the
microbial culture was sub-cultured onto half strength CMA and incubated as above. After five
days all cultures were inspected for production of conidia, and if conidia were found, then the
isolates were single spored by aseptically transferring 20 individual conidia with a sterilized
fine pointed metal needle into two Petri dishes of acidified water agar [WAA, 20g agar (Difco,
Sparks, Nevada, USA) in 1L of deionized water, adjusted to a pH 5.0] and as above. If conidia
were absent, then hyphal tips were taken instead. These cultures derived from single conidia
(or hypha tip cloned) were compared for homogeneity in their cultural morphology. Deviants
were discarded where they differed from what was expected in the type cultures, according to
taxonomic keys (Raper and Thom, 1949; Gams, 1971; Pitt, 1979; Domsch et al., 1980;
Morquer et al., 1981; von Arx, 1981; Peberdy, 1987) or where replicate isolates exhibited
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substantial cultural or morphological differences (as for the N. psidii isolates) from the majority

of the cloned isolates.

3.2.2 Microscopy

Hyphal tips from single spore isolates (or from hyphal tips in the absence of conidia) were
transferred to PDA and incubated as above. After an eight day incubation period, the fungal
cultures were compared morphologically and pathogenically (on guava) with one another
(Tables 3.2, 3.3 and 3.4), with particular emphasis on conidial types, conidial dimensions,
hyphal types, and conidiophore morphology. Light microscope and scanning electron
microscope studies were also undertaken on the two N. psidii isolates. Specimens for scanning
electron microscopy were initially prepared using a modification of the technique of Gaudet
and Kokko (1984). Sections of approximately 50mm? in volume were excised from an actively
growing five day old, half strength CMA culture. The agar sections were placed upright on the
inside of a 9cm glass Petri dish lid prior to vapor fixation. The lid was then placed over the
bottom portion of the glass Petri dish which contained 10 ml of a 10% solution of
glutaraldehyde in 0.2M sodium cacodylate buffer (pH 7.2) for 12 hours at room temperature.
These sections were then further fixed for 4 hours by immersion in 4% glutaraldehyde in 0.2M
sodium cacodylate buffer (pH 7.2) at 6°C and placed under a partial vacuum. These sections
were buffer rinsed and post-fixed in 2% osmium tetroxide in cacodylate buffer for an additional
24 hours (or until uniformly blackened) at 6°C under vacuum. The sections were then buffer
rinsed three times, dehydrated in an acetone series [10%, 30%, 50%, 70%, 90%, 95% acetone
in water (w/v) and 100%] with a residence time in each acetone dilution of 20 minutes. The
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specimens were further sectioned. The sections were then placed in a critical point dryer and
flushed with carbon dioxide until no odor of acetone was detected. The specimens were then
critical point dried in carbon dioxide for approximately 1.5 hours, followed by immersion in
100% acetone. The sections were mounted with colloidal silver paste onto aluminum stubs and
sputter-coated with gold in a Polaron E5000 sputter coating unit (Quorum Technologies, U.K.)
at a current of 20 mA for two minutes. Further samples were prepared using the above
technique except that they were vapor fixed according to the method of King and Brown
(1983). Specimens were examined with a Hitachi S500 Scanning electron microscope (Hitachi

Corporation, Tokyo, Japan) at accelerating voltages of between 10 and 25kv.

Transmission light microscopy examination of diseased and healthy tissue samples were
prepared by mounting longitudinal xylem sections of approximately 1 cm?® in glycerin on the
stage of a freeze microtome (Hitachi D300) set at -15°C. Once the section was firmly frozen
onto the stage, sections between 5 and 20 microns were cut in the plane of the xylem vessels.
These sections were immersed in a mixture of 0.1% cotton blue in a 1 to 9 solution of
lactophenol in water. The sections were left for 15 minutes in this solution, removed and placed
in warm deionized water for a further 10 minutes under gentle agitation. The sections were

removed and mounted in glycerol on a microscope slide.

Petri dish cultures of the GWD isolates were examined directly by stereo and transmission light
microscopy. Specimen mounts for transmission light microscopic examination of the N. psidii
isolates in Petri dish PDA cultures were prepared by taking 2 mm wide sections cut
perpendicular to the surface of the growth media and mounting the section longitudinally on a
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microscope slide in 10% glycerol solution. Mounts were stained with two to three drops of

cotton blue and left for 10 minutes at room temperature after which they viewed.

3.2.3 Maintenance of isolates and type cultures, morphological characterization

of the causal organism of GWD

All isolates from the various sources and geographical regions (Tables 3.1 and Chapter 2, Fig.

2.1) were single spored and maintained in slant cultures on half strength corn meal agar (CMA,

Sparks, Nevada, USA). These slants, as well as slants immersed under oil, were sealed with

tobacco paper (Hawksworth, 1974), capped and stored at 8°C and in darkness. Lyophilized

cultures were also prepared and stored at 8°C and -6°C. The N. psidii isolates were compared

to the type cultures (Table 3.2) and descriptions contained in the following keys:

A Manual of the Penicillia by Raper and Thom, (1949);

Contribution a I'Etude Morphogenique du Genre Gliocladium by Morquer, Viala,
Rouch, Fayret and Berge (1963);

Commonwealth Mycological Institute, Descriptions of Plant Pathogenic Fungi and
Bacteria (1964 to present);

Cephalosporium-artige Schimmelpilze (Hyphomycetes) by Gams (1971);
Paecilomyces and some Allied Hyphomycetes by Samson (1974);

The Genus Penicillium and its Teleomorphic States Eupenicillium and Talaromyces by
Pitt (1979);

Compendium of Soil Fungi by Domsch, Gams, and Anderson, (1980);

The Genera of Fungi Sporulating in Pure Culture by von Arx (1981);
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e Penicillium and Acremonium by Peberdy (1987).
Type cultures of the N. psidii isolates were sent to mycological institutions for verification of
their putative identification (CABI, Bioscience, formally the ‘International Mycological
Institute’). The N. psidii isolate type cultures used in these studies were from South Africa
[designated CSF 221 (=IMI 279785 = CBS 912.85)] and Taiwan [designated CSF t226 (= IMI

277770)].

3.2.4 Genomic analysis of the South African type N. psidii isolate (CSF 221)

The South African N. psidii isolate (CSF 221) was established in axenic submerged liquid
culture in ten 250 ml conical flasks each containing 150 ml of Czapek’s broth medium. The
cultures were incubated under diurnal natural lighting conditions at 30°C for 10 days. At the
end of the incubation period, mycelia was collected by coarse filtration (400 mesh filter plastic
filter), followed by washing in SDW three times. The mycelium was blotted dry on filter paper,
frozen at -70°C and lyophilized and ground in 1.5 ml microcentrifuge tubes with a sterile
applicator stick under liquid nitrogen. DNA was extracted utilizing the methods of Rehner and
Samuels (1994). The D1-D2 DNA region of the 28S large sub unit and the associated ITS
(internal transcribed spacer) regions were amplified and sequenced, utilizing the MicroSeq®
D2 LSU rDNA fungal identification kit® [(Applied Biosciences Inc., Foster City, California,
U.S.A), Anonymous, 2011]. Samples were electrophoresed utilizing a ABI Prism 3100 genetic
analyzer (Applied Biosciences Inc.) and the sequence data analyzed and compared utilizing
MicroSEQ® software (Applied Biosciences Inc., Foster City, California, U.S.A). Sequencing
results were compared to the GenBank® database which is an open access repository for
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microbial genetic sequence data (www.ncbi.nlm.nih.gov/BLAST/blast/help.html), which is

continually updated (Benson ef al., 2012). This international database repository is maintained
by the US National Institute for Health (Bethesda, Maryland, USA). From these known fungal
sequence data, alignment matches were generated and presented as percentage genetic distance
as well as a neighborhood relatedness phylogenetic tree (cladogram) as described by Saitou
and Nei (1987) and Kurtzman and Robnett (1995). The N. psidii DNA sample code used in

these studies were C26768 GRE 001and corresponded to the isolate CSF 221 (= IMI 279785).

3.2.5 Type Culture Pathogenicity Tests

Reference and type cultures obtained from various individuals and mycological institutes, as
presented in Table 3.2, were sub-cultured on potato dextrose agar [PDA, (Difco, Sparks,
Nevada, USA)] in Petri dishes and incubated under conditions as described earlier. After 8 days
incubation, a Smm diameter plug of mycelium was removed from 5 mm behind the advancing
front of the expanding colony on PDA. These plugs were inserted into a 2cm? bark flap on
guava tree trunks, 10 cm above the soil line, of 1 year old greenhouse grown clonal guavas (cv.
Fan Retief), as shown in Chapter 2, Fig. 2.1. The wound was gently wrapped in Parafilm and
covered with masking tape. These plants were similarly placed in greenhouse chambers at 25°¢
and 33°C and observed for GWD symptoms over 4-5 months. A minimum of five cloned
guavas plants were used per treatment, and they were laid out in a completely randomized

single tree plot design.

3.3 DATA ANALYSES
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Data were analyzed by one or two way analysis of variance and where appropriate, treatment

means were separated using the Waller-Duncan k-ratio ¢ test (Little and Hills 1990).

34 RESULTS

3.4.1 Taxonomic characteristics of the causal fungi of GWD and TGWD, N.
psidii

In CMA and PDA cultures, the N. psidii isolates most closely resembled the type reference
culture of Gliocladium vermoesenii (Fig. 3.1 and Table 3.2). The isolates grew at similar rates,
and the surface mycelia at seven to ten days in culture were off-white to light salmon pink in
color (Figs. 3.1, 3.2 and 3.3), corresponding to Shade 3A, Plate 43 of the Dictionary of Color

(Maerz and Paul, 1930). The reverse side of the culture (bottom of Petri dish) was light
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Figure 3.1. Comparative cultural morphology of South African Nalanthamala psidii isolates

with reference type cultures:

1. Gliocladium album;
2. G. virens;

3. G. viride;

4. G. deliquescens,
5. G. flavofuscum,
6. G. roseum;

7. G. catenulatum;

8. G. vermoesenii,

9. Nalanthamala sp. (GWD isolate);
10. Paecilomyces spp.;

11. Acremonium diospyri;

12. Nalanthamala sp. (GWD isolate).

orange/yellow (Fig. 3.2), corresponding to Shade 1D, Plate 45 of the Dictionary of Color

(Maerz and Paul, 1930). Both G. vermoesenii, and the N. psidii isolates exhibited slightly
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flocculose mycelium that was radially stranded, giving rise to diurnal ring patterns when grown
under a 12 hour day / 12 night lighting regime (Figs. 3.1, 3.2 and 3.3). Viewed microscopically,

the cultures of N. psidii from South Africa and Taiwan were identical.

Figure 3.2. Cultural characteristics of the GWD organisms: Top photograph: Comparative
cultural morphology of various Nalanthamala psidii, single spore isolates.
MOZ = Mozambique isolate (CSF M3);
TAI = Republic of China, Taiwan (CSF t226);
RSA = Republic of South Africa (CSF 202).
The top cultures are grown on corn meal agar, the bottom cultures on PDA.
Bottom photograph:
a, posterior view of a 10 day old culture exhibiting typical yellow pigmentation;
b, typical white floccose mycelial growth of a 10 day old non-pathogenic culture on CMA;
¢, typical white floccose mycelial growth of a 7 day old non-pathogenic culture on PDA;
d. pathogenic 7 day old PDA culture.
SPPM = Striate, pink, prostrate mycelia. WFM = White, floccose mycelia.
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Figure 3.3. Cultural characteristics of the GWD organisms:

Top photograph: cultural diurnal radial growth patterns in pathogenic N. psidii isolates grown
for 10 days on PDA under 12 hours of incandescent light illumination per day. Bottom
photograph; Non-pathogenic strains of the N. psidii isolates from Southern Africa generated
through repeated sub culturing. Cultures were grown under 12 h incandescent light cycles at
30°C. Note mycelia is largely white and floccose with a general lack of diurnal rings. MOZ =
Mozambique isolate (CSF M1); TAI = Republic of China, Taiwan (CSF t201); RSA = Republic
of South Africa (CSF 218).

Single sporing of these isolates resulted in colonies with similar macroscopic cultural
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morphology which appeared in culture to be vegetatively compatible (Fig. 3.2). Conidial clones
of the type cultures also showed little or no variation. Type cultures of Septofusidium
elegantulum (Pidopl.) W. Gams and Nalanthamala madreeya Subramanian were not available,
so comparisons with these fungi were made on the basis of previous descriptions

(Subramanian, 1956; Gams, 1971).

Both fungi produced two morphologically distinct types of hyphae, as did G. vermoesenii (Fig.
3.4). The first type was broader (2.5-3.5 um) and was abundant in fresh cultures (under seven
days old). The second type of hyphae was narrower (0.7-1.2 um) and arose from the thicker
hyphae at a septum, or by simple branching. The thinner hyphae were often observed in older
cultures (approximately one month old) arising from a septum bordering a degenerating portion
of the hyphae, and was often found growing endogenously through it, later emerging through

the decaying hyphal cell wall.
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Figure 3.4 Endogenous hyphae (EH) in a N. psidii isolate (a) and a type culture (IMI 40231) of
G. vermoesenii (b). Both grown on CMA for 10 days in darkness.

This type of narrow hyphae was also observed penetrating xylem wall pits of guava plants
(Figs. 3.5 and 3.6). The narrow hyphae observed in situ has an approximate width of 1.5-2.0 um
compared to the thicker hyphae which had an approximate width of 3.5-4.5 pm (Fig. 3.7). The
xylem pits of guava are approximately 2-3 um across and 20-30 pm in length (Fig 3.7) but are
usually occluded with an amorphous aggregate, resulting in an aperture of 1.0-1.5 um. The G.
vermoesenii type isolate was also observed to produce endogenous hyphae (Fig. 3.4), whereas
none of the other type reference cultures examined exhibited this phenomenon, including other

species of Gliocladium.
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Figure 3.5 Scanning electron micrographs of xylem vessels from a GWD symptomatic tree:
a, colonization of a xylem vessel by fungal mycelia;

b, commencement of fungal penetration of a xylem pit;

c, enlarged view of xylem pits in the wall of a xylem vessel.

XP = xylem pit. HP = xylem pit penetrating hypha.
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Figure 3.6. Scanning electron micrographs of xylem vessels in healthy and diseased guavas:

a, xylem vessel from a guava tree infected with N. psidii showing hyphal penetration of xylem pits
(inset is an enlarged section of the demarcated area);

a. xylem in a healthy guava tree;

b, tyloses in a guava xylem vessel in advance of hyphal colonization in diseased guava scaffold
branch tissues;

¢, amorphous plugs in the xylem vessels in primary root tissue of infected guavas.

H= hypha. P = Xylem pit. HX= Healthy xylem. T=Tyloses. AP=amorphous plugs.
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Figure 3.7. Scanning electron and transmission light micrographs of xylem vessels from a
GWD infected tree:

a and b. scanning electron micrograph of longitudinal sections of xylem vessels
colonized by fungal hyphae (H);

c. transmission light micrograph of fungal hyphae (H) colonizing a guava xylem vessel
from a GWD symptomatic tree;

d. scanning electron micrograph of a xylem wall pit (XP) with amorphous matter
emanating from the inner wall surface and partially occluding the pit orifice.
EWP = Xylem vessel terminal end wall portal.
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Conidiophores were borne on both types of hyphae and were of two types (Figs. 3.8, 3.9 and
3.10). The first type was generally erect, smooth, penicillate and produced dry, catenate
conidia, enteroblastically (Type 1 conidia). The conidiophores were observed to produce up to
three branches from which up to seven metulae arose, generally producing a whorl of
cylindrical, slightly divergent conidiogenous cells, tapering to a short collula, with small,
limited collerettes (Figs. 3.8, 3.9 and 3.10).

Conidiogenous cells were observed to have linear dimensions of 7-25 x 2.5-4.0 um. The
conidia (Figs. 3.9, 3.10 and 3.11) produced from these conidiophores were smooth, ellipsoidal
to limoniform in shape, and were hydrophobic.

The conidia were observed to have distinct disjunctors between them (Figs. 3.9 and 3.10). Their

mean dimensions were (2.5-4.5) x (1.5-2.5) um.
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Figure 3.8 Conidia of Nalanthamala psidii. Type 1 (T1) and Type 2 (T2) conidia emanating
from the same hypha of a N. psidii culture grown on PDA for 7 days.
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Figure 3.9. Conidiophores of Nalanthamala psidii:
Top: conidiophore with Type 1 chains of conidia with conidial disjunctors (CD);
Bottom: Type 1 conidia separated from the conidiophore in chains and released (bottom).
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Figure 3.10. Conidiogenesis of Nalanthamala psidii:

Left: Type 1 catenate conidiogenesis on penicillate conidiophores with conidial disjunctors
(CD) visible (a);

Right: Type 2 conidiogenesis on a solitary conidiophore (b).
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The second type of conidium (Type 2 conidia, Figs. 3.8, 3.10, 3.11 and 3.12) is typically larger
(5.5-16 x 1.5-3.0 um), hydrophilic, aseptate, frequently bi-guttulate, ellipsoidal to nephriform
in shape, produced enteroblastically on solitary, smooth conidiophores, which develop
terminally and intercalary (Figs. 3.10 and 3.12), with dimensions of 15-30 x 2.5-4 pm. These
conidia where observed to aggregate in mucilage that forms a solitary gelatinous head (Fig.3.8).
These conidia were produced in culture more abundantly from juvenile hyphae, as opposed to
the Type 1 conidia that arose more abundantly from older mycelium (3-5 days). Type 2 conidia

germinated from their polar regions (Fig. 3.12).
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Figure 3.11. Conidia of Nalanthamala psidii. Type 1 (T1) and Type 2 (T2) conidia of N. psidii
grown on PDA for 10 days: Left: a and b. transmission light microscopy of Type 1 and Type 2
conidia; Right: ¢. Scanning electron microscopy of both types of conidia of N. psidii.
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Figure 3.12. Conidiogenesis of Nalanthamala psidii:
Left: a. Type 2 conidiogenesis;
b. Germinating Type 2 conidium.
Right: c. Type 2 conidial formation in slime heads on solitary terminal or lateral
conidiophores.
PG = Posterior germ tube emergence.
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Chlamydospores were also produced (Fig. 3.13) when the fungus was grown either on solid
media, or (more abundantly) in a submerged liquid culture medium (Czapek's broth medium).
Chlamydospores are observed more often on older cultures, grown on a wide variety of agar
media. The chlamydospores were found to be terminal or intercalary, hyaline, thick-walled and

unicellular (Fig. 3.13).

Figure 3.13. Formation of chlamydospores by Nalanthamala psidii:

Hyphae of a N. psidii isolate from submerged cultures grown for 20 days in Czapek’s Dox
broth.

Top: Intercalary chlamydospore (ICC).

Bottom: Terminal chlamydospore (TC).
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When the N. psidii was grown in submerged cultures it retained an off-white to beige color,
whereas the G. vermoesenii type cultures became dark green in submerged culture. When

grown in darkness, N. psidii generally did not develop any gross cultural coloration.

With the exception of G. vermoesenii, the other type reference cultures did not produced two
conidial forms (Tables 3.3 and 3.4). However, G. vermoesenii mycelia in submerged culture
(Czapek’s broth) developed a distinctive green hue, whereas the N. psidii isolates did not. The
conidial dimensions of the CSF 221 and CSF t226 isolates were generally different from any

of the other type reference cultures (Table 3.3).
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Table 3.3. Taxonomic Comparisons with Certain Closely Related Fungi to the Nalanthamala
psidii Isolates

Conidial dimensions

Isolate? Length (um)® Width (um)®
Range Mean sd° Range mean sd®

GWD

CSF 221

Type 1 2.5-45 32 03 1.5-2.5 1.8 0.2

Type 2 55-16 8.6 1.8 1.5-3.0 2.0 0.4

TGWD

CSFt226

Type 1 254 3.0 02 1.5-2.5 1.8 0.2

Type 2 4-11 7.5 1.5 1.5-3.0 2.2 0.5

A. diospyri  3.5-5 4.2 0.5 2-25 22 0.3

G. vermoesenii

Type 1 2-45 35 02 1.5-:3 2.1 0.2

Type 2 4-9 6 1.4 2-35 24 0.2

G. roseum

Type 1 3-5 4 0.3 345 35 0.2

Type 2 6.5-9 7.6 1.4 34 3.2 0.3

G. caten-

ulatum 4-7 5.5 0.3 3-4.5 3.5 0.2

? Isolates that produced two types of spore are indicated by a second row of dimensions.
® Two hundred conidia per isolate were measured.
¢ sd= standard deviation

Cultures of the causal fungi of GWD or TGWD maintained on half strength CMA (with or
without oil immersion) and bi-annually sub-cultured onto autoclaved guava wood agar (water
agar with small pieces of 1-2 year old guava wood shavings on the agar surface) maintained
their viability and pathogenicity for at least 1-2 years. Lyophilized agar cultures also remained

viable for at least a period of seven years. However, if the N. psidii isolates were sub-cultured
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repeatedly and maintained on rich media such as PDA, all isolates tested underwent a change
in cultural morphology within 5-10 transfers on PDA, particularly at higher incubation
temperatures. Mycelia became floccose, effuse and aerial (Fig. 3.2). Conidial production was
diminished (particularly Type 1 conidia) and the color of the culture became an off white to
light cream. The reverse (posterior) color of the culture remained a light yellow color after 7-
10 days in culture. Once N. psidii isolates had undergone this cultural metamorphosis, they
expressed a diminished pathogenicity, or in some cases, they were completely non-pathogenic

(Fig. 3.2).

3.4.2 Genomic analysis of the South African type GWD isolate (CSF 221) of N. psidii

The guava wilt pathogen’s DNA sequence analysis of the D2 region of the 28S large subunit
genome, indicated that the pathogen most closely matched (99% homology) the sequence
analysis of Nalanthamala psidii, which is closely related to Nectria cinnabarina (Fig. 3.14).
The pathogens causing GWD and TGWD can be placed within the taxa of the Nectriaceae

(Schroers et al., 2005).
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Neighbor JoiningTree’

N Join: 4.900 %

Sphaerostilbella novaezelandiae
]—Paeci lomyces viridis

Epichloe clarkii
Epichloe typhina
Stilbella jaapii

jFusarium agquaeductuum var. aguaeductuum
IFusarium agquaeductuum var. aguaeductuum
€26768 GRE 001°

Nectria cinnabarina

Alignment:
5.06 % 316
5.35 % 318
5.35 % 318
6.29 % 319
6.29 % 319
6.29 % 319
6.92 % 318
6.92 % 319
6.92 % 319
6.94 % 317

Nectria flavolanata

Nectria macrostoma

C26768 GRE 001"
Nectria cinnabarina
Fusarium agquaeductuum var. agquaeductuum
Fusarium aguaeductuum var. agquaeductuum
Epichloe clarkii
Stilbella jaapii
Epichloe typhina
Nectria flavolanata
Paecilomyces viridis
Sphaerostilbella novaezelandiae
Nectria macrostoma

Fig. 3.14. Fungal DNA sequence analysis of the 28S (large sub unit) D2 region of the rRNA
genome of the guava wilt pathogen and its corresponding placement in a neighbor joining
phylogram of similarly sequenced fungi.

#Sequence alignment as compared to known fungal sequence analysis of the 28S (large
sub unit) D2 region of the rRNA genome GenBank® database. Alignment matches are
presented as a percent genetic distance format. Low percent indicates a close match.

26768 GRE 001 is CSF 221(= IMI 279785). Closest sequence homology indicates
that the GWD pathogen aligns with Nalanthamala psidii at >99% correlation.
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Fig. 3.15. Comparison of the parsimonious phylograms from independent LSU rDNA sequence
data from the GWD pathogen.

Top (A) from Schroers et al., 2005.

Bottom (B) current study.

Both data sets indicate that the GWD pathogen aligns with Nalanthamala psidii with a >99%
correlation.
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3.4.3 Pathogenicity tests

Plant mortality was only observed where the GWD and TGWD N. psidii isolates (conidia or
mycelia) were wound inoculated into the guava tree clones (Chapter 2, Table 2.2 and Chapter
4, Fig 4.5). Fungal colonization of the xylem vessels was observed to occur significantly faster
acropetally than basipetally (Chapter 2, Fig. 2.3). In most of the inoculated trees, at the time of
tree death, the GWD and TGWD N. psidii isolates were recovered in lower frequencies from
the xylem tissues below the trunk inoculation point as compared to recoveries from above the
inoculation point. Unwounded trees inoculated with the GWD or TGWD N. psidii isolates
(conidia or mycelia) remained healthy over the course of the experiment (Chapter 2, Table 2.2).
None of the trees inoculated (wounded) with the type reference cultures died (Table 3.2).
However, Gliocladium vermoesenii, G. viride and Acremonium diospyri were recovered from
their inoculation sites, although tissue necrosis was absent. All the control trees survived.
Wound inoculation with CSF 207 (a low pathogenicity strain due to repeated sub-culturing)
did not result in any plant mortality over 90 days. However, at 120 days post inoculation, two
plants expressed GWD symptoms and by 150 days, these plants died. The GWD pathogen was
re-isolated and the cultural morphology of the isolate was identical to the pathogenic type
culture CSF 221, N. psidii. As reported in Chapter 2, when the re-isolated CSF 207 was again

inoculated into guava, plant mortality rates were similar to CSF 221.

Gliocladium-like isolates, morphologically identical to the GWD or TGWD N. psidii isolates
used to inoculate the wounded guavas, were re-isolated from tissue sections taken from dead

plants. Tissue isolations from unwounded plants did not result in any fungi being consistently
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isolated. Sections of guava wood from diseased or recently dead trees viewed microscopically
showed the presence of extensive colonization by fungal mycelia in the active xylem vessels
(Figs. 3.5, 3.6 and 3.7). Tyloses were only observed in xylem vessels from above ground tree
tissues (Fig. 3.6). Amorphous plugging was observed in xylem vessels only from primary root

tissue sections (Fig. 3.6).

The two types of conidia derived from single spored isolates of the TGWD and GWD fungi
were found to be equally infective (Chapter 2, Table 2.2). All of the guava plants died within
four months when they were wound inoculated with conidia or mycelia from N. psidii strain

CSF 221 (Chapter 4, Fig.4.5).

Techniques employed to separate the two conidial types resulted in moderate success in as
much that a 95% purity level was obtained for the Type 1 conidial type and 80% for the Type
2 conidial type, without loss of viability. Further purification of the Type 2 conidial suspension
increased the purity to approximately 90%, but the viability diminished to less than 25% and
bacterial contamination increased. Mixed populations of conidia were found to be easily
distinguishable by direct microscopic examination of the media surface of Petri dishes on

which the conidia were sown, allowing for accurate germination assessments.
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3.5 DISCUSSION

3.5.1 Morphological Taxonomic Studies

A new disease of guava, guava wilt disease (GWD), was discovered in Southern Africa in the
1980’s. It was the first such report of this disease from Africa (Grech, 1983). A fungus
belonging to the genus Gliocladium was initially identified as the causal fungus of this disease

in these as well as other studies (Vos et al., 1998).

The initial placement of the causal fungus of GWD in the genus Gliocladium was in part
because all members of the genus produce conidia that are enveloped in a mucilaginous slime
head (Morquer et al., 1963; Pitt, 1979; Von Arx, 1981). Conidia are also formed from a
complex penicillus, which is also consistent with the Gliocladia (Domsch et al., 1980). The N.
psidii 1solates do share characteristics with such genera as Acremonium, Paecilomyces and
Septofusidium but fundamental morphological differences, particularly in conidiophore and
conidial architecture, exclude their inclusion in these genera. Anomalies in the putative
identifications allocated to this fungus over the past several decades are given in Table 3.1. The
N. psidii isolates are characterized by their ability to produce two morphologically different,
aseptate conidial types on conidiogenous cells devoid of a pronounced neck, as well as
chlamydospores, a feature not known in Septofusidium (Gams, 1971), but known in several
species of Acremonium (Lin et al., 2004). On the other hand, Paecilomyces is monoconidial
and thus produces only one type of conidium that shares similarities with the Type 1, dry
conidia produced by the GWD pathogens. The N. psidii isolates produce Type 1 conidia in dry

chains by basipetal succession on a complex penicillus and are catenate. Furthermore, the
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conidial chains of Paecilomyces differ from the N. psidii isolates in that connectives between
the conidia are very pronounced, and that the phialides possess a long tapering collula (Samson,
1974). The phialides of the N. psidii isolates also do not have a pronounced swollen base (Figs.
3.8 and 3.10), a character possessed by both Paecilomyces and, to a lesser extent, Acremonium
(Barron, 1968; Domsch et al., 1980). Hyphae (often forming hyphal ropes) bearing
conidiophores giving rise to simple whorls of phialides of which the base is often found to be
covered with wart-like chromophillic encrustations are common in Acremonium (Domsch et
al., 1980). These morphological features were not observed in the N. psidii isolates (Figs. 3.8
and 3.10). Some species of Acremonium are known to produce two conidial types, either in dry
chains or in slimy heads (Gams, 1971; Domsch et al., 1980). These conidia are septate or
aseptate, generally produced on verticillate conidiophores with simple awl-shaped phialides
(Domsch et al., 1980) and generally devoid of connectives. These features, as well as the
conidiophores of Acremonium being not strongly branched, differentiate the N. psidii isolates
from this genus. Verticillate conidiophores were rarely observed being produced by the N.
psidii isolates.

Conidiogenesis on host tissues was similarly characterized by dimorphic conidial production.
Type 1 conidia are typically produced in what appear to be structures morphologically identical
to a sporodochium [a conidial mass supported by a superficial, cushion-like (pulvinate) mass
of short conidiophores near the surface of the substrate], which in this case is beneath an
integument of host tissue (Hawksworth et al., 1985)]. Typical sporodochial structures produced

by the GWD pathogen are shown in Fig. 3.16.
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Figure. 3.16. Sporodochial structures of Nalanthamala psidii:
Left: scanning electron micrograph showing sporodochial masses (S) and conidia (C);

Right: ruptured bark blisters (BB) on the bark (B) surface of a recently dead guava tree (3 days
post mortem). The white masses are hyphae and conidia in sporodochial structures.
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The causal fungus of persimmon wilt (Nalanthamala diospyri = Acremonium diospyri =
Cephalosporium diospyri), has been described as “producing pink spore masses beneath the
bark of wilt killed trees” (McRitchie, 1979), which is precisely what is observed with trees
killed by GWD. Leu and Kao, (1979) named the causal organism of TGWD as Myxosporium
psidii and described it as producing acervuli. However, acervuli are typical of the
Melanconiales but they are not typical of the Moniliales in which Gliocladium, Penicillium,
Acremonium and Nalanthamala are all placed. Therefore the sporulating structures produced
on host tissue by the GWD pathogen are more correctly described taxonomically as

sporodochia.

Overall conidial dimensions (Table 3.3), colony morphology, growth habit as well as the above
fundamental taxonomic differences, separated the N. psidii isolates from these similar genera.
To date, endogenous hyphae have not been recorded in any of the compared genera, except
Gliocladium. Endogenous hyphae have also been recorded from several species including the
vascular pathogen Ceratocystis ulmi (Buism.) C. Moreau (Kendrick and Molnar 1965), where
their presence has been associated with unfavorable environmental conditions for fungal
growth, particularly in plant tissues such as the xylem vessels (Urbash 1984). Interestingly, the
optimal pH for growth of the N. psidii isolates in culture was pH 6.0 to 6.5, which encompasses
the pH of guava xylem sap (pH 6.2, Grech unpublished). The discovery that N. psidii produces
two distinct types of hyphae, observed in culture and in planta, in guava xylem vessels (Figs.
3.4-3.7) is highly significant and an important discovery in terms of the etiology and
histopathology of this disease. The two hyphal types are distinguishable primarily by their
width (Figs. 3.4 and 3.7), Xylem pit ingress exclusively involved the attenuated and slender
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hypha (Fig. 3.5), which is approximately 30% of the width of the broader hypha, which usually
is restricted to the xylem vessel cavity. This type of hypha may also be an important
evolutionary adaption that enables this pathogen to breach xylem pits that typically exclude
large diameter hyphae. The slender hyphae were observed arising from septa (Fig.3.4) within
larger hyphae and progressing through the degenerating wider hyphal structure (endohyphae)

or from the cell wall and progressing externally (Fig. 3.5).

The hyphomycete genus Gliocladium is characterised by densely penicillate conidiophores
which bear one-celled hyaline, smooth walled conidia in heads or in columns (Biourge, 1923;
Raper and Thom, 1949). When found in columns the conidia have reduced but distinct
connectives (Pitt, 1979). Some members of the Gliocladia have received attention as biological
control agents for a variety of diseases (Lynch et al., 1987; Burpee and Martin, 1992; Yong et
al., 1992). An important component of their ability to suppress certain soil pathogens is due to

their rhizosphere competency and soil persistence (Howell and Stipanovic, 1995).

Within the genus Gliocladium several species have been associated with diseases of a range of
crops: broad bean (Al-Hamdany and Salih, 1986); cashew (Esuruoso et al., 1974); cherimoya
(Siddaramaiah et al., 1981); clover (Nan et al., 1991); and coconut (Mishra et al., 1989). Most
notable in the genera in terms of its ability to induce disease, is G. vermoesenii (Biourge) Thom,
a virulent pathogen of a variety of palm species (Marziano et al., 1980; Feather et al.,1979;
Atilano et al., 1981) in many parts of the world. G. vermoesenii was observed to be very similar
in morphology to the N. psidii isolates, as well as producing endogenous hyphae (Urbasch,
1984). G. vermoesenii Type 1 conidia were of a similar dimension (Table 3.3), but the Type 2
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conidia were generally smaller. G. vermoesenii typically has a temperature optimum for
mycelial growth of 25°C, but is severely suppressed at 30°C and is totally inhibited at 33°C and
7°C. High temperature inhibition of G. vermoesenii has been postulated as being a primary
factor for the summer decline of pink rot disease of Chamaedorea palms in Florida (Atilano et
al., 1980). Both the South African and Taiwanese N. psidii isolates grew well at 33°C and
maintained growth (albeit at lower rates) at temperatures of 38-39°C (Chapter 4, Figs. 4.3 and
4.4).

G. vermoesenii exhibited only a slight growth response to light exposure (Table 3.4).

83



Table 3.4. Morphological and Physiological Comparison of Gliocladium vermoesenii and the

South African Guava Wilt Fungus, Nalanthamala psidii

G. vermoesenii GWD pathogen
Isolate CSF 221
N. psidii

Asexual spore types 2 2
Chlamydospores 6-10 pym 8-15 um
Phialides

Type 1 10-18 x 2-3 um 15-35x 2.5-4.5 um

Type 2 17-30 x 2-3 um 20-45 x 2.5-4.0 um
Optimal growth
temperature 25-26°C 30°C
Cardinal
temperatures Min 8°C Min 8°C

Max 38°C Max 44°C

Light sensitivity. SLIGHT YES
Endogenous hyphae. YES YES
Hyphal knots. YES NO
Pathogenic on guava. NO YES
Mycelial color?

PDA solid media Pink Pink

Submerged Czapek’s  Green Off white/beige

 Cultures were grown in 12 hour lighting cycles at a constant 30°C for ten days.
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When grown in darkness the N. psidii isolates are largely unpigmented, and in this regard they
are similar to Acremonium diospyri, the mycelia of which remain unpigmented when grown in
darkness (Seviour and Codner, 1973). Sporulation of the N. psidii isolates were similarly
affected by light duration and wavelength, as was G. vermoesenii (Chapter 4, Tables 4.1, 4.4
and 4.5). Morquer et al. (1963) postulated that G. vermoesenii is a transitional species due to
its propensity to produce two conidial types, as well as differing in other morphological
characteristics from other Gliocladia. The diversity of species in this genus has led to several
species revisions of fungi originally assigned to this genus, for example Gliocladium roseum
Bain, which is now classified as Clonostachys rosea (Link: Fr) Schroers (Schroers et al., 1999).
Domsch et al. (1980) noted that the genus was not well defined and was generally considered
to be a highly polyphyletic genus. Rehner and Samuels (1994), reported that the genus contains
distantly related fungi and shares this attribute with Acremonium (Glenn, et al., 1996), which
houses the persimmon wilt pathogen Acremonium diospyri, a pathogen closely related to N.

psidii.

3.5.2 Genomic Taxonomic Studies

The fungal D2 DNA region of the 28S large sub unit has a highly conserved genome and as
such, it is ideal for taxonomic identification of fungi to the species level (Evertsson, et al.,
2000). When these DNA sequence analyses are presented as neighbor joining phylograms,
whereby overall relatedness is ranked vertically and sequence homology compared
horizontally (Fig. 3.14), species separation is generally accepted when there is a 1% or greater
sequence variance (Saitou and Nei, 1987; Studier and Keppler, 1988). Comparative analysis of
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the parsimonious photograms generated in this study with those of Schroers et al. (2005) found
that the data sets were very similar, and that there was a high degree of alignment in the
taxonomic placement of the GWD pathogen (Fig. 3.15). The genomic sequence analysis of the
GWD pathogen clearly supported the studies of Schroers et al. (2005). The outcome of the
genomic studies is that the GWD pathogen can be confidently be reclassified as Nalanthamala
psidii, which is closely related to the persimmon wilt pathogen, N. diospyri, and the palm pink

rot pathogen, N. vermoesenii (Chapter 1, Table 1.1).

3.5.3 Pathogenicity Studies

The extensive colonization of the xylem vessels observed in the dead plant sections (Figs. 3.5,
3.6 and 3.7) was indicative of the systemic nature of this pathogen. In the aerial tissues of
infected guavas, extensive tyloses were observed in advance of colonizing mycelia, whereas
tyloses were generally absent in root tissue (Fig. 3.6). Amorphous plugging was observed in
root tissue ahead of mycelia (Fig. 3.6) colonizing the xylem vessels. Both tyloses and
amorphous plugging are implicated in plant defensive responses to limit the longitudinal
invasion by a pathogen (Cohen et al., 1983; Beckman, 1987). Nalanthamala psidii was
observed to produce narrow hyphae that penetrated pits in the xylem walls (Figs. 3.5 and 3.6).
These hyphae were observed in culture, often growing endogenously within degenerating,
larger hypha. Interestingly, the pathogen moved in an upward direction further and more
rapidly than in the downward direction, a feature common to many vascular wilting fungi
(Bruehl, 1987) and an area of further research in later chapters of this thesis. The limited

colonization of the wound site by G. viride was of interest in later investigations into the
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protection of wound sites by biological control agents.

As discovered in Chapter 2, all the GWD and TGWD isolates of N. psidii were pathogenic to
guavas (cv. Fan Retief), and they required wounding for successful infection (Table 3.2). Plant
died within four months of inoculation, although many plants died sooner (Chapter 4, Figs. 4.5

and 4.6). None of the type reference cultures were pathogenic to guava (Table 3.2).

3.5.4 Genus Level Taxonomy

GWD in Southern Africa and Taiwan has been shown to be the same disease, caused by a
hyphomycetous fungus. Preliminary ultrastructural studies indicated that the fungus is an
ascomycete, based on the simple septal pore arrangement. However, to date no teleomorph has

been associated with this fungus.

The combined morphological features of the fungus causing GWD are substantially different
from the compared genera except Gliocladium. However, since the initial description of
Gliocladium in the mid-19th century by Corda (1840), and its subsequent taxonomic treatment
by Morquer et al., in 1963, this genus is still not sufficiently delimited, and a satisfactory
species structure within it has not been determined yet (Domsch et al., 1980). As such, it was
with some reservation that the GWD fungus was initially placed within the genus Gliocladium,
even though it was the genus that at the time of this study most closely described it (Grech et
al., 1985). Therefore, whilst the fungus was initially ascribed to the genus Gliocladium, the
presumption at that time was that it was likely that further research would necessitate revision
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of the taxonomy of the GWD pathogen. This prediction has come to pass, with a combination
of morphological and genomic data providing the definitive answers to this taxonomic question

(Schroers et al., 2005).

Over the course of this study, this fungus had been assigned to several other genera by other
plant pathologists. However, these have missed the key taxonomic features described above,
and described in the recent revision of the GWD pathogen by Schroers et al. (2005), ascribing
it to Nalanthamala psidii. Therefore these previous identifications can be dismissed as

incorrect.

3.5.5 Species Level Taxonomy

The putative identification of the fungus causing GWD is measurably different from all
reported species within the genus Gliocladium, and has remained so for more than 30 years.
The fungus most closely resembled G. vermoesenii and had been identified previously as that
species (Brady, pers. comm., 1983). However, none of the member species of the genus
Gliocladium have been reported as being pathogenic on the plant genus Psidium or related

Myrtaceae.

It was clear that fungus causing GWD was a new fungal species, and that it did not fit well
within Gliocladium. Schroers et al. (2005), utilizing morphological and molecular techniques,
reclassified the GWD pathogen as falling within the genus Nalanthamala. They also classified
it as a new species, N. psidii.
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In the studies of Schroers et al.,. (2005) chlamydospores were not observed, as they were in
this studies (Fig. 3.13). In this study chlamydospores were observed in submerged cultures in
growing media of high osmotic potential, as well as with ionic species that have a propensity
to induce hyphal stress (ammonium). When N. psidii was grown in submerged cultures
containing a medium of a lower ionic strength with lower ammonia levels, chlamydospores
were rarely observed. This may account for the differences between this study and those of
Schroers et al. (2005). The discovery that the GWD pathogen can produce chlamydospores is

likely to be important for the long term survival of the fungus in soil.

In the DNA sequence studies conducted on M. psidii, G. vermoesenii, A. diospyri and
Rubrinectria by Schroers et al. (2005) the authors proposed that these fungi should all be placed
in the genus Nalanthamala. In the same studies, the authors also found differences in specific
rDNA sequences from morphologically indistinguishable strains of the GWD pathogen from

South African and Taiwan, possibly indicating separate lineages.

The findings reported in these studies support, and are generally congruent with, the findings

of Schroers et al. (2005) in their revision of the GWD pathogen to N. psidii.
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CHAPTER 4: PHYSIOLOGICAL COMPARISON BETWEEN SOUTH
AFRICAN AND TAIWANESE ISOLATES OF NALANTHAMALA PSIDII
AND SPECIFIC COMPARISONS WITH GLIOCLADIUM VERMOESENII

ABSTRACT

South African and Taiwanese isolates of the guava wilt disease (GWD) pathogen
Nalanthamala psidii (Biourge) Schroers have identical morphology and have taxonomic
similarities to Gliocladium vermoesenii (Biourge) Thom, a fungus that previously had been
identified as the GWD pathogen. Type culture isolates of N. psidii from South Africa (CSF
221) and Taiwan (CSF t226) grew similarly across a range of pH values, with cardinal values
of <2.5 and >9.5, and an optimal pH range of 5.5 to 7.5. Both isolates have very similar growth
characteristics across a range of temperatures. Cardinal temperatures for both isolates were 38-
40°C (maximum) and 8-10°C (minimum). Lethal temperatures were 2°C and 46°C after a 15
minute exposure. Gliocladium vermoesenii had an optimum growth temperature of 25°C. The
temperature optimum for conidial germination of N. psidii isolates showed a similar pattern to
that obtained for mycelial growth. Type 1 and Type 2 conidia exhibited differences in their
optimal germination temperatures, which were found to be 30°C and 27°C, respectively.
Maximal germination at these temperatures was normally reached after 24 hours. All three
fungi utilized in these tests were responsive in terms of sporulation to white and red light.
Increasing relative humidity decreased the ratio of Type 1 to Type 2 conidia. Sucrose resulted
in the maximum growth in culture of both N. psidii isolates as compared to any other carbon
source tested. Both isolates grew well on organic nitrogen sources, especially asparagine.
However, maximum mycelial growth was recorded on media containing potassium nitrate by
both isolates. Overall, although some slight strain differences occurred in terms of temperature
effects on growth and conidial germination, in terms of fungal physiology, the South African

and Taiwanese N. psidii isolates are indistinguishable.
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4.1 INTRODUCTION

Guava wilt disease (GWD) disease, caused by the fungus Nalanthamala psidii (Biourge)
Schroers, is present in both South Africa (Grech, 1983; Schoeman et al., 2012) and Taiwan
(Kurosawa, 1926; Hsieh et al., 1976; Leu and Kao, 1979; Grech ,1988), inflicting serious
economic damage to the guava industries in these countries. The pathogen causing the disease
in both countries appears to be taxonomically identical, and has been identified as
Nalanthamala psidii (Schroers et al., 2005). However, there appear to be some strain
differences between isolates. The aim of this study was to compare the physiological
performance of the type cultures of N. psidii from Taiwan and South Africa, and also to

compare them with the closely related fungus Gliocladium vermoesenii (Biourge) Thom.

4.2 MATERIAL AND METHODS

4.2.1 Physiological comparisons between the N. psidii causing GWD in Southern
Africa and TGWD in Taiwan

Single spored isolates of the causal fungus of GWD and TWGD (CSF 221 and CSF t226) were
collected by the author, as previously described above (Chapter 2), in South Africa and Taiwan.
An isolate of Gliocladium vermoesenii (IMI 40321, sourced from CABI, Wallingford, UK)
was included in the experiments investigating the effects of temperature and light on mycelial
growth and sporulation.

These isolates were used to investigate the effect of various environmental conditions, as well
as nutrition, on the growth and sporulation of these fungi. All tests were carried out in Czapek’s

broth or on agar media with a minimum of four replicates of the fungal isolate per treatment.
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Each experiment was repeated at least twice. If the results between identical experiments were
substantially different from one another, then the results from these are presented separately.
Where results were consistent between experiments, then these data were averaged over the

two experiments.

4.2.2 Hydrogen ion concentration (pH)

The South African and Taiwanese isolates of N. psidii (isolates CSF 221 and CSF t226) were
compared in terms of their ability to grow in culture across a range of moderate pH values.
Three buffers were utilized to stabilize pH drift: 2 g.L! citric acid used in the pH 3.5-5.5 range;
2 g.L'! sodium dihydrogen phosphate used in the pH 6.0-7.5 pH range; and 2 gL' TRIS
(Merck) used in the pH 8.0-9.5 pH range. Corn meal agar (CMA) (Difco, Sparks, Nevada,
USA) was prepared in 250 ml conical flasks, the buffers were added and the pH was adjusted
from pH 3.0 to pH 9.5 in 0.5 increments by the addition of 2 M NaOH or 2M HCI. The media
were autoclaved and plated into Petri dishes on a laminar flow bench. A spare flask of agar of
each pH value was used to check that the autoclaving process did not affect the pre-sterilization
medium pH. Both cultures of N. psidii were single conidial isolates. These were plated onto
the CMA media by removing a 5 mm diameter plug of mycelium from 5 mm behind the
advancing front of an expanding colony on PDA. Three replicates were used per isolate, per
pH value. The cultures were incubated in darkness at 30°C and the final colony area was
measured after 5 days. The pH of the spent media were also checked at the end of the

experiment.
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4.2.3 Temperature

Preliminary experiments were conducted to determine their approximate cardinal and lethal
temperatures. Five replicate cultures of each isolate (CSF 221 and CSF t226) were grown on
PDA in 9cm Petri dishes and placed in incubators in darkness at 10°C and 40°C respectively.
Every 48 hours the cultures were assessed for growth and the temperature decreased by 2°¢ (for
the lower temperature regime incubator) and increased by 2°C (for the higher temperature
incubator). This process minimized temperature shock on the fungus because the incubators
required up to 3 hours for temperature stabilization after the adjustment. The process was
repeated until no further growth was recorded. At that point, sub-cultures were made and if the
isolates were still alive, the temperature was modified as previously conducted, until no further
evidence of culture viability could be obtained. On the basis of this experiment, ranges were

determined to create temperature growth curves for both isolates.

Isolates were subjected to a temperature range of 10-42°C in 1°° increments. The cultures were
incubated in the dark. The surface area of the isolates was measured daily for 7 days using a
digitizing tablet (F-90, Apple Computers Inc., USA). At the end of the seven day incubation
period, the Petri dishes were flooded with 10 ml sterile distilled water (SDW) plus a wetting
agent (1% Tween?®). The surface of the cultures was then lightly rubbed with a sterile camel
hair brush to suspend the conidia. A sample of this suspension was then placed onto a
haemocytometer and the mean ratio of Type 1 conidia (small, dry) to Type 2 conidia (long,
wet) was calculated. This experiment was repeated except that the cultures were exposed to

continuous illumination (40 watt incandescent light, Philips, Johannesburg), 30 cm above the

98



Petri dish cultures. Data on conidial ratios were collected from 12°C to 42°C in 3°C intervals

utilizing four Petri plate replicates per treatment.

4.2.4 The effect of temperature on conidial germination

The South African GWD isolate (CSF 221) and the Taiwanese isolate (CSF t226) were used to
investigate conidial germination over the same temperature range as above (12-42°C) in 3°C
degree increments. Sporulating Petri plate cultures grown in darkness cultures in Petri dishes
were rinsed under aseptic conditions with 15 ml SDW with 0.1% Tween?° added and lightly
rubbed with a sterilized camel hair brush. One milliliter of this conidial suspension was diluted
in 99 ml SDW plus wetter and then 10 ml of this was spread onto WAA in Petri dishes and
incubated at the prescribed temperatures. Germination was assessed at 24 hours after
inoculating the Petri dishes. Two hundred conidia in total (Type 1 and Type 2) per replicate (4
replicate Petri plates per treatment) were counted microscopically by direct observation of the
conidia on the agar surface. The mean number of germinated conidia of each conidial type was

recorded and the conidial ratio determined.

4.2.5 The effect of incubation period on conidial germination

The South African N. psidii isolate (CSF 221) and the Taiwanese isolate (CSF t226) were used
to investigate conidial germination on WAA at 30°C for various incubation periods (Table 4.3).
Conidia were counted by direct observation of the agar surface utilizing a dissection
microscopic at a magnification of 200-300X and assessed for germination. Four replicate Petri
plates were used per treatment.
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4.2.6 Effects of light on sporulation

CMA Petri dish cultures of a single spore isolate of G. vermoesenii as well as the GWD and
TGWD isolates of N. psidii were grown at 30°C for seven days, under identical illumination
conditions as earlier described, except that the diurnal duration of the lighting exposure periods
were 0, 1, 2, 6, 12, 18 and 24 hours. Conidia were harvested, enumerated and germination was

assessed on WAA at 24 hours after seeding the Petri plates.

Once the optimal lighting regime for sporulation of the GWD and TGWD isolates of N. psidii
was determined by the previous experiment, isolates were grown under these conditions except
that they were exposed continuously to 40 watt fluorescent bulbs (Philips, Eindhoven, The
Netherlands) of different illumination colors [red, 680 nm; green, 540 nm; blue, 430 nm;
ultraviolet 315-400 nm] for the same time periods as previously exposed. Petri dish cultures
were placed 30 cm below the illumination source. Conidia were harvested from the entire Petri
dish and counted utilizing a haemocytometer as previously described. Four replicate Petri

plates were utilized per treatment.
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4.2.7 Relative Humidity (RH)

Petri dish cultures (with the lids removed) of the GWD and TGWD isolates of N. psidii on
CMA amended with 100 mg.L™! penicillin were placed face down, in autoclaved desiccation
jars (devoid of desiccants). The relative humidity (RH) in the desiccation jars was controlled
by using a modification of the technique described by Johnson (1939), which entailed placing
autoclaved solutions of glycerin at various solution strengths (and hence various specific
gravities) in the jars. Fifty milliliters of the various RH solutions were used per chamber and
were contained in a dish in the desiccation jars to provide a high surface area to volume ratio
to achieve equilibrium in the internal RH of the desiccation jar quickly after the chamber was
sealed by placing the lid back on the jar after lubricating the seals with petroleum jelly. Six RH
levels were investigated (Table 4.7). Preliminary tests with a relative humidity meter (Spray
Nozzle Pty, Ltd, Johannesburg) placed in the jars indicated that the RH was maintained within
5-10% of the specified levels over five days. The jars were incubated in darkness at 30°C and
the final colony area being measured after 5 days. The abundance of the two types of conidia

and their ratio to one another was assessed as above.
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4.2.8 Utilization of different carbon and nitrogen sources and their effect on
mycelial morphology and growth

Czapek's broth medium was prepared and dispensed into conical flasks (250 ml capacity) in
100ml quantities. The media was acidified to pH 6.0, stabilized by the addition of 0.68g
potassium dihydrogen phosphate (0.1 M) as a buffer. The standard carbon or nitrogen source
in Czapek's broth was substituted, as listed in Tables 4.8 and 4.9. All alternative carbon sources
were made up to a concentration of 1% [(w/v) total equivalent carbon] in 100ml of medium.
For the nitrogen sources the solution was made up to 0.1% [(W/v) total equivalent nitrogen].
Where inorganic sources were used to supply nitrogen, the base nutrient media composition
was adjusted to account for the total mineral composition of the nitrogen supplying salt (e.g.,
potassium nitrate required that the potassium content of the base nutrient broth be adjusted
accordingly to account for the potassium in the salt). The liquid growth medium was dispensed

into conical flasks in 100 ml aliquots, each constituting a replicate.

Flasks containing the different treatments were inoculated with an 3 mm diameter plug of
mycelium grown on 2% water agar of a cloned isolate taken from the edge of an expanding
colony not more than 5 days old. The flasks were placed on an orbital shaker set at 30 r.p.m.
and incubated at 30°C for 22 days in darkness. At the end of the incubation period, mycelium
was removed from the conical flasks, rinsed in SDW to remove excess broth and placed on
pre-weighed double layered filtered paper. Excess water was drained from the mycelium by
placing the loaded filter paper buckets (Whatman No. 1) over a Buchner funnel under partial
vacuum. Dry weight measurements were determined after drying the mycelium and filter paper

in a 50° oven for 24 hours. Two additional replicates were included in this study to examine
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hyphal morphology as affected by these treatments. Four control sets were used in this
experiment: inoculated Czapek's broth without a carbon source; inoculated Czapek's broth
without a nitrogen source; inoculated complete Czapek's broth; and uninoculated complete
Czapek's broth. Four replicates were used per treatment. Spent broth from all these experiments
were refrigerated at

1°C for later use in toxicological studies.

43 DATA ANALYSES

Data were analyzed by one or two way analysis of variance and where appropriate, treatment

means were separated using the Waller-Duncan £-ratio ¢ test (Little and Hills 1990).

44 RESULTS

4.4.1 Hydrogen ion concentration (pH)

The pH of the growth medium had a significant effect on colony growth on CMA (Fig. 4.1).
Cardinal pH values for N. psidii, were approximately 2.5-3 and 9.5-10 for both the South
African and Taiwanese isolates. The optimal range was between 5.5 and 8.0, with maximal
growth of both isolates occurring at a pH range of between 6.0 and 6.5 (Fig. 4.1). Mycelial
morphology was affected by both high acidity and alkalinity. At pH values of 3.0-4.0 the
mycelium was dense and thick walled, with a high incidence of endohyphae. Sporulation at
this pH was much reduced. At high pH values the mycelia had less branching and was thinner

walled than at low or neutral pH levels. The pH values of the spent media taken at the
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termination of the experiment indicated little drift in the values, with a slight tendency to show

a slight drop.

Figure 4.1. The effect of growth medium pH on the growth of the two type cultures of
Nalanthamala psidii. Mean colony area after 8§ days of growth on CMA at 30°C in darkness.
Three replicates per treatment.

4.4.2 Temperature

The optimal temperatures for growth of the GWD and TGWD isolates of N. psidii were similar
and both were approximately 30’ (Fig. 4.2). In contrast, the tested strain of G. vermoesenii
had a temperature optimum of 25° (Chapter 3, Table 3.3). The GWD and TGWD isolates of
N. psidii stopped growing in the range of 8-10°“. In the upper temperature range, their growth
ceased at between 38°C and 40°° (Fig. 4.2).
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Figure 4.2. The influence of temperature on the growth of the South African and Taiwanese

isolates of Nalanthamala psidii on PDA

Lethal temperatures for these isolates in agar or submerged cultures were 2°¢ and 46°° when
they were exposed for 15 minutes or longer. Primary mean hyphal extension rates were 261
um.hr'! at 30°° on PDA. The ratio of the two types of conidia to one another was affected by
temperature (Table 4.1), with the highest numeric ratio of Type 1 to Type 2 being recorded
under illumination at 33°“ for both isolates. Light did not affect growth rates in culture, but did

promote increased sporulation of the hydrophobic Type 1 conidia (Table 4.1).
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Table 4.1. The effect of temperature and light on the numeric ratio of the Type 1 to Type 2
conidia of the isolates of Nalanthamala psidii, CSF 221(South African) and CSF t226
(Taiwanese)

Mean Ratio of Conidial Type 1 to Type 2*

Temperature Isolate CSF 221 Isolate CSF t226
T Light Dark Light Dark
12 LG LG LG LG
15 0.09a 0.03a 0.03a 0.05a
18 2.4b 0.3b 1.7b 0.2b
21 4.7b 0.2b 2.8b 4.4c
24 5.1b 1:2b 3.3bc 3.7c
27 9.8bc 8.5¢ 6.8c 5.5¢
30 10.8c 9.4c 6.4c 5.8¢
33 11.7¢ 7.5¢ 7.8¢c 5.8¢c
36 10.2¢c 7.1c 6.3c 4.7c
39 6.2b 4.8c 4.5bc 5.1c
42 1.6b 0.4b 1.2b 0.3b

?Four replicates per treatment, 200 conidia counted per replicate. Figures given are the numeric
ratio of Type 1 conidia to Type 2 conidia. I[lluminated cultures were exposed continuously.
Treatments followed by the same letter in the same column do not differ from one another
according to the Waller-Duncan k-ratio ¢ test (P=0.05). LG= Little measurable growth. The
results are a mean of two experiments.

Temperature optima for conidial germination showed a similar pattern to that obtained for
mycelial growth (Table 4.2). However, the two conidial types did exhibit marginal differences
in their germination temperature optima [30°C and 27°C, respectively (Figs. 4.3, 4.4 and Table
4.2)]. The smaller hydrophobic Type 1 conidia had much higher germination levels after 24

hours compared to the Type 2 conidia (Table 4.2).
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Table 4.2. The effect of temperature on the mean germination of Type 1 and Type 2 conidia,
of the two type cultures of Nalanthamala psidii

Temperature Conidial Type

Isolate CSF 221 Isolate CSF t226
Temp (T°C) Type 1 Type 2 Type 1 Type 2
12 LG LG LG LG
15 14.1a 5.2b Oa 2.2a
18 45.3b 10.7¢c 18.0b 8.9b
21 62.6bc 13.3¢ 46.4c 7.4b
24 96.2cd 12.2¢ 88.6cd 10.2¢
27 148.8d 13.0¢c 117.8d 12.1c
30 155.5d 12.8¢c 165.2¢ 10.0c
33 139.1d 7.1bc 153.9¢ 5.7b
36 110.4d 4.6b 135.4de 6.7b
39 73.8bc 1.9a 39.6bc 2.6a
42 11.4a 1.4a Oa 1.9a

* Four fungal culture replicates per temperature, 200 conidia counted per replicate. Figures
given are the mean number of conidia that germinated per treatment. Germination was assessed
at 24 hours after seeding the Petri plates. Treatments followed by the same letter in the same
column do not differ from one another according to the Waller-Duncan A-ratio ¢ test (P=0.05).
LG= Little germination. The results are the mean of two experiments.
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Figure 4.3. The effect of temperature on T1 and T2 spore germination of the South African
isolate of Nalanthamala psidii (CSF 221) at 48 hours incubation.

Figure 4.4. The effect of temperature on germination of T1 and T2 conidia of the Taiwanese
isolate of Nalanthamala psidii (CSF t226) at 48 hours incubation.
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4.4.3 Conidial Incubation Period

Germination rates of both conidial types incubated at 30°C reached their maxima at 24 hours
incubation (Table 4.3). At the 48 hour assessment the percentage germination of Type 1 conidia
was generally similar to the 24 hour assessment, but for the Type 2 conidia, germination was

significantly higher (Table 4.3).

Table 4.3. The effect of the incubation period on the germination of the Type 1 and Type 2
conidia of the South Africa and Taiwanese isolates of Nalanthamala psidii

Conidial

Incubation Mean Conidial Germination®

period CSF 221 CSF t226

(hours)™ Tl T2 Tl T2

0 Oa Oa Oa Oa

2 23b 2b 17b 3a

6 48¢ 11bc 42¢ 17b
12 94d l4c 101d 21bc
18 107d 19¢ 126d 24bc
24 115d 27¢ 138d 32¢
48 131d 67d 130d 71d

W Assessment of conidial germination at various incubation intervals post Petri plate seeding
on WAA.

* Each figure represents the mean of four culture replicates; 200 conidia were assessed for
germination per culture and the mean calculated. Conidia were incubated at 30°C. Treatments
followed by the same letter in the same column do not differ from one another according to the
Waller-Duncan k-ratio ¢ test (P=0.05). The results presented are the mean of two experiments.

109



4.4.4 Light

Light did not affect mycelial growth but did affect sporulation. G. vermoesenii exhibited similar

sensitivity to light as the N. psidii isolates. Type 1 conidial production was enhanced by

illumination (Table 4.1). Sporulation of the N. psidii isolates was directly proportional to the
duration of the light exposure up to 18 hours (Table 4.4), after which there was a trend towards
a reduction in total sporulation. The ratio of Type 1 conidia to Type 2 conidia was also greatest
at an incubation temperature of 33° under illumination (Table 4.1), reaching a maximum ratio
of 11.7 and 7.8 for the South African (CSF 221) and Taiwanese isolates (CSF t226),
respectively. Type 1 conidia dominated under all illumination regimes. In the absence of light,
Type 1 conidia were at statistically reduced levels from all other illumination regimes (Table

4.4).
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Table 4.4. The effect of illumination duration on the sporulation in culture of the South African
and Taiwanese isolates of Nalanthamala psidii, compared with that of Gliocladium
vermoeseniii

[llumination

period Mean Total Sporulation® (x 10°)

(hours) CSF 221 CSF t226 G.vermoesenii
0 <S5*a <5*a <Sa

1 62b 55b 13b

2 98c 107¢ 35b

6 139cd 144c 77c

12 192d 187cd 86¢

18 232d 254d 158d

24 225d 243d 172d

The figures indicate the mean total number of conidia per 9 cm petri plate per four culture
replicates incubated at 30°C for 7 days.

* Very few Type 1 conidia observed.

Treatments followed by the same letter in the same column do not differ from one another
according to the Waller-Duncan k-ratio ¢ test (P=0.05). Results presented are the mean of two
experiments.

Conidia harvested from Petri plate cultures grown under different illumination periods did not

differ in their germination percentages (Table 4.5).
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Table 4.5. The effect of diurnal illumination duration on conidial germination of the South
African and Taiwanese isolates of Nalanthamala psidii, compared with that of Gliocladium
vermoesenii

Culture

Daily illumination

period™ Mean Percentage Germinated Conidia®
(hours) CSF 221 CSF t226 G. vermoesenii
0 68a 60a 44a

1 62a 45a 53a

2 59a 58a 35a

6 76a 49a 77a
12 8la 77a 86a
18 79a 80a 88a
24 86a 79a 77a

Y Duration of illumination of Petri plate cultures prior to germination assessment on WAA at
24 hours after seeding the Petri plates.

* The figures indicate the mean percentage of germinated conidia per 200 conidia counted per
9 cm Petri plate, replicated four times per illumination regime. Treatments followed by the
same letter in the same column do not differ from one another according to the Waller-Duncan
k-ratio t test (P=0.05). Results presented are the mean of two experiments.

The N. psidii isolates were insensitive to light wavelength in terms of the colony area on CMA.
However, there was increased sporulation as a result of red spectral band illumination as

compared to the other color spectral bands (Table 4.6). The fungi were insensitive to blue,

green or longwave ultraviolet (black light).
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Table 4.6. The effect of illumination of different wavelengths on the sporulation of
Gliocladium vermoesenii and of the South African and Taiwanese Nalanthamala psidii
isolates

[llumination

type Mean Total Sporulation (x10°)*

wavelength (nm) CSF 221 CSF t226 G. vermoesenii
Ultraviolet (315-400nm)  67a 43a 56a

Blue (430nm) 37a 55a 65a

Green (540nm) 77a 52a 44a

Red (680nm) 188b 167b 125b

White (400-700nm) 224b 196b 270c

* The figures indicate the mean total number of conidia per 9 cm Petri plate per four culture
replicates. Cultures were illuminated for 18 hours daily. Treatments followed by the same letter
in the same column do not differ from one another according to the Waller-Duncan k-ratio ¢
test (P=0.05).

4.4.5 Relative humidity

Total conidial count and colony area were unaffected by the different relative humidity levels.
Both types of conidia were produced at all humidity levels; but the ratio of Type 1 conidia to

Type 2 conidia increased with decreasing relative humidity (Table 4.7).
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Table 4.7. The effect of relative humidity on the numeric ratio of Type 1 to Type 2
conidia, total spore count and the mean colony area of cultures of Nalanthamala psidii
isolates.

Relative Numeric ratio of spore types®  Total spore Colony area
humidity (%). Count ml! (x 10°) cm?/5 days’ of
CSF 221 CSF 1226 CSF 221~

40 21.7a 22.8a 9la 29.3a

50 22.5a 26.0a 111a 31.1a

60 21.2a 24.6a 106a 29.7a

70 15.4b 16.7ab 98a 35.4a

90 11.8b 13.6a 155a 33.8a
100 9.1b 8.5a 141a 34.7a

* Figures donate the numeric ratio of Type 1 to Type 2 conidia. Each figure is the mean of four
replicates; 200 conidia were counted per replicate and the numeric ratio of the spore types
determined. ¥ Total spore counts were determined by a haemocytometer. “Mean colony area of
CSF 221 after 5 days. Treatments followed by the same letter in the same column do not differ
from one another according to the Waller-Duncan £-ratio 7 test (P=0.05).

4.4.6 Fungal Nutrition

Carbon and nitrogen utilization by the two 1solates were similar in terms of recovered hyphal
dry weights (Table 4.8 and 4.9). Both isolates exhibited maximum growth with sucrose as the
carbon source. The growth response to organic nitrogen by the two isolates was generally better
than with inorganic nitrogen, with the exception of potassium nitrate. The South African isolate
(CSF 221), was observed to utilize potassium nitrate more efficiently than the Taiwanese

isolate (CSF t226).
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Table 4.8. The effect of different carbon sources on the dry weight of the South African

and Taiwanese isolates of Nalanthamala psidii when grown in submerged culture

Carbon source

Mean dry mycelia weight (mg)*

CSF 221 CSF 1226

Sucrose 94.6d 65.4c
Saccharose 81.3cd 52.2¢
Glucose 44 .3bc 38.9¢
Raffinose 28.7b 35.8bc
Galactose 58.9¢ 54.7¢
Sorbitol 57.2¢ 49.4c
Dextrin 65.4c 47.9c
Fructose 78.8cd 58.0c
Maltose 41.3bc 29.7bc
Rhamnose 36.0b 25.5b
Sorbose 29.5b 22.1b
Starch 34,5b 33.2b
Control 7.7a 4.9a

* Each figure is the mean of four replicate mycelial dry weight assessments. Isolates were
grown for 5d at 30°C, in darkness. Treatments followed by the same letter in the same column
do not differ from one another according to the Waller-Duncan k-ratio ¢ test (P=0.05). Results
presented are the mean of two experiments.
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Table 4.9. The effect of different nitrogen sources on the dry weight of the South African
and Taiwanese isolates of Nalanthamala psidii when grown in submerged culture

Nitrogen Mean dry mycelia weight (mg)*
source CSF 221 CSF t226
Asparagine 90.5¢cd 82.7cd
Glutamate 134d 68.7¢c
Ammonium nitrate 26.3b 34.8b *
Ammonium sulfate 22.5b 34.6b
Ammonium chloride 27.7b 33.0b *
Potassium nitrate 145.6d 102d
Sodium nitrate 78.6¢ 67.9¢
Urea 27.4b 28.3b
Control 5.7a 6.3a

* Each figure is the mean of four replicate mycelial dry weight assessments. Isolates were
grown for 5d at 30°C in darkness. Treatments followed by the same letter in the same column
do not differ from one another according to the Waller-Duncan k-ratio ¢ test (P=0.05). *
Indicates that extensive mycelia malformation occurred in these treatments. Results presented
are the mean of two experiments.

Hyphal morphology was not affected by the different carbon sources, and chlamydospores
were observed in all treatments except the uninoculated control. Conidial production (Type 1)
was evident in all of the carbon source treatments as well as in the complete inoculated
Czapek’s broth control. Conidial production emanated primarily from mycelia adhering to the
inner glass surface above the media. These effects were not evident in the uninoculated

Czapek’s broth controls, and were absent in or greatly reduced in the incomplete inoculated

Czapek’s broth controls.

Hyphal morphology was only observed to be distorted (thicker walled, more abundant septa
and clavate) in the ammonium and urea based nitrogen sources, with the exception of
ammonium sulfate (Table 4.9). Chlamydospores developed in all ammonium and urea

containing treatments. Type 2 conidia developed especially in the potassium nitrate and
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ammonium sulfate treatments. These effects were not evident in the inoculated complete
Czapek’s broth controls, the uninoculated Czapek’s broth control or the incomplete inoculated

Czapek’s broth control.

4.5 DISCUSSION

Physiologically the two isolates of N. psidii reacted in a similar manner to various
environmental conditions they were subjected to. The results were in agreement with the fungal
physiological studies of Morquer ef al. (1963) and Hsieh et al. (1976). The effect of pH on the
growth of the two isolates of N. psidii on CMA, in terms of their mean Petri plate colony areas,
were similar across a broad range of pH values (Fig. 4.1). At the low and high pH values,
colony growth was significantly negatively impacted, an effect that is common within the fungi
(Shrandt et al., 1994). The pH of the media impacted gross cultural and ultrastructural
morphology. At pH values below 4.0, thick walled mycelia and a reduction of aerial sporulation
was observed. At high pH values, the mycelial density was lower than at pH 6.0-7.0, and
considerably less branching was evident. These effects of pH on fungal mycelia have been
reported from Acremonium diospyri, a fungus closely related to N. psidii, and a wilt pathogen
of the American persimmon (Crandall and Baker, 1950; Wilson, 1963; McRitchie, 1979; Read
and Seviour, 1984). Generally in submerged culture, the isolates of N. psidii caused a slight
reduction in the pH of the media over the course of the incubation period, which is consistent
with the findings of Dimond and Peltier (1945) for Penicillium. Previously (Chapter 3) as well
as in earlier reports (Leu and Kao, 1979), N. psidii is reported as being xylem limited in the
early infective stages of N. psidii and as such has to withstand typical acidic pH values of 4.5-

6 associated with these plant tissues (Rengel, 2002). Both isolates of N. psidii were found to be
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able to grow at these typical xylem pH values and as such would indicate a specific adaptation

to colonization of these tissues.

Sporulation followed the same overall trend as mycelial growth in response to temperature
(Figs. 4.2, 4.3 and 4.4). Germination of Type 1 conidia at 30 of both N. psidii isolates,
numerically peaked between 24 and 48 hours (Table 4.3). At the 48 hour assessment, Type 2
conidial germination was maximal and interestingly continued for up to four days post seeding.
Quantitative germination assessment beyond the 24 hour post Petri plate seedling interval
proved to be problematic as extensive development of mycelia was observed on the agar
surface and this negated accurate individual germling delineation. This may account for the
anomaly in Table 4.3 where the 48 hour conidial germination assessment of the Type 1, CSF
t226 isolate resulted in a reduced mean conidial germination. The assumption is that this was
an enumeration error. In future assessment, a lower conidial loading of the Petri plate may

mitigate this.

Germination of the Type 1 and Type 2 conidial types occurred optimally at two different
temperatures [30°C and 27°C, respectively (Figs. 4.3, 4.4 and Table 4.2)] and this feature may
be important in the different stages of the infection cycle, and the epidemiology of the
pathogen. Type 2 conidia are commonly found associated with the rhizosphere (Chapter 3)
where the temperature is normally lower than ambient (Edmunds, 1964). Type 1 conidia are
normally produced on aerial parts of the plant (Grech, 1983, 1985a, 1985b), exclusively in
sporodochia (Chapter 3, Fig. 3.16). Mean summer daily temperatures in the shaded canopy
(sporodochia are usually found growing under diseased bark in the lower canopy) were
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generally between 26-30°C, with high temperatures usually not exceeding 33-35°C (Chapter
5, Fig. 5.8). Under-canopy soil temperatures in the summer months were found to be relatively
constant and were generally in the range of 20-22°C (Chapter 3). These temperatures correlate
well with the optimal germination temperature ranges for both the Type 1 and Type 2 conidial
types (Table 4.2). The ability of this fungus to produce two distinct types of conidia (as well as
hyphae) in response to the environmental conditions associated with subterranean or aerial
guava tissue colonization reflects a distinct adaptation of this fungus to its habitat. As reported
in Chapter 2, N. psidii trends towards greater virulence at higher incubation temperatures

(Chapter 2, Table 2.2).

The presence of illumination, the duration and the wavelength of the incident light during
incubation affected sporulation. Light and red light caused an increase in total spore counts of
both isolates of N. psidii as well as with G. vermoesenii (Tables 4.1, 4.4 and 4.5), suggesting
that these fungi are photoreceptive in the 680 nm wavelength range. Idnurm (2013) reported
on the ability of red light to impact signal transduction in Aspergillus fumigatus and modify

genetic regulation.

Spore count increases due to illumination, were predominantly due to increases in Type 1
conidia. Colony pigmentation under illumination was salmon pink versus white when grown
in darkness (Chapter 3). The closely related fungus, N. diospyri, has also been shown in culture
to develop significant pigmentation when exposed to light (Seviour and Codner, 1973).
Conversely, Type 2 conidia were favored by darkness during incubation, Germination of
conidia derived from Petri plate cultures incubated under various illumination wavelength
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bands, was unaffected.

Relative humidity had no effect on colony area growth. However, decreasing relative humidity
increased the ratio of hydrophobic (dry), Type 1 conidia to Type 2 conidia (Table 4.7). This
phenomenon may have a role in the etiology of this disease. Type 1 conidia are produced on
the aerial parts of the plant on dying limbs that dry out (Hsieh et al., 1976; Grech, 1983). On
the palm Chamaedorea elegans, pink rot development, caused by G. vermoesenii, has been
shown to be inversely proportional to relative humidity (Feather et al., 1979; Marziano et al.,

1980; Atilano et al., 1981; Feather, 1982).

Both N. psidii isolates responded in a comparable manner (Table 4.8 and 4.9) when grown in
the presence of different carbon and nitrogen sources. Mycelial growth was maximal on
sucrose, fructose and saccharose (as carbon sources). As for organic nitrogen sources,
glutamate and asparagine were utilized equally well by both isolates (Table 4.9), producing the
most biomass as compared to the inorganic sources, with the exception of potassium nitrate,
which produced the greatest mycelial dry weights. These findings correlated well with earlier
work on other species of Gliocladium (Morquer et al., 1963). Interestingly, the South African
isolate of N. psidii produced approximately 40% more biomass than the Taiwanese isolate
when grown on potassium nitrate. These findings are broadly in agreement with those of Hsieh
et al. (1976), who found that the Taiwanese isolates of N. psidii grew more rapidly on nitrate

nitrogen.

Similar aberrations in hyphal morphology were observed with both N. psidii isolates when
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grown with ammonium salts or urea as the nitrogen sources. These aberrations may be the
result of the toxic nature of ammonium to certain fungi as reported by Chang and Chung (1988).
Unpublished research (Grech, 1984) has shown that this fungus can tolerate growing in liquid
media of up to 12-15% (w/v) sucrose solutions, emphasizing its tolerance of environments of
high osmotic pressure (such as in xylem vessels) in accordance with previous findings (Hsieh

etal., 1976).

These studies showed that the South African and Taiwanese N. psidii isolates are generally
indistinguishable by physiological behavior, and clearly support their common taxonomic
identity. Some slight strain differences occurred in terms of temperature effects on growth and
conidial germination, but overall the trends were closely aligned (Table 4.2 and Figs. 4.2, 4.3

and 4.4).
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CHAPTER 5: A CHRONOLOGY OF THE SPREAD OF GUAVA WILT
DISEASE IN THE REPUBLIC OF CHINA, TAIWAN, SOUTH AFRICA
AND THE KINGDOM OF SWAZILAND: MULTISITE ORCHARD
DISEASE PROGRESS AND ORCHARD SPORE TRAPPING

ABSTRACT
Guava wilt disease (GWD), caused by the fungus Nalanthamala psidii (Biourge) Schroers,

was first identified in Taiwan in 1926, and has since been found in the Philippines,
Thailand, Indonesia, Malaysia and putatively in India. To date, the disease has not been
found in the Americas. In Southern Africa, GWD first appeared in the early 1980’s and
over a decade, it has reduced the area planted to guava in the Provinces of Mpumalanga
and Limpopo by over 40%. Several orchards were monitored in Southern Africa and
Taiwan over several years. N. psidii, once introduced, usually at the orchard periphery,
spread non-randomly, primarily by root to root contact. Root anastomosis between tree
roots was found to be common in guava orchards over 8 years old, and it was in older clonal
orchards that the pathogen was found to spread most rapidly. Summer tropical storms
generally resulted in multiple new disease centers in an orchard. Tree mortality in summer
generally exceeded 1.0 trees.ha™!.day’!, dropping to < 0.5 trees.ha’!.day! in winter. These
seasonal differences are well correlated with the optimal temperatures for the growth of N.
psidii. Type 1 conidia exhibited a diurnal pattern of passive release in infected orchards,
primarily from sporodochial structures on the above ground tissues of moribund or dead
trees. Maximum Type 1 spore releases occurred usually during periods when the ambient
temperature was highest and the relative humidity lowest, consistent with earlier in vitro
studies on conidiogenesis and spore discharge. Rain events suppressed Type 1 spore
discharges for several hours. Infective propagules were detected in irrigation water in

infected orchards.
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5.1 INTRODUCTION

Guava wilt disease (GWD) is a devastating systemic fungal wilting disease caused by the
fungus definitively named Nalanthamala psidii (Biourge) Schroers as described by

Schroers et al. (2005).

As with Panama disease of bananas, the universal and almost exclusive use of one guava
cultivar in Southern Africa, “Fan Retief”, has to a great extent led to the precarious position
the guava industry finds itself in today (Su et al., 1986; Stover and Simmonds, 1987). Fan
Retief is not only highly susceptible to GWD, but it is a multi-purpose cultivar that has
major limitations in its performance for horticultural purposes (Du Preez and Welgemoed,
1985). As part of a breeding program to develop new guava cultivars, disease resistance
must be a primary breeding objective (Ito and Nakasone, 1973; Grech and Rijkenberg,
1987; Negi and Rajan, 2007). Coupled to this, improved measures for disease management

and containment need to be developed.

To date GWD has only been reported to occur in Asia and Africa (Chapter 1, Fig. 1.4).
Over the last 30 years, Malaysia was the only country where GWD was detected but not
confirmed (Schoeman, unpublished). The disease has also been reported from other
countries in Asia (Athipunyakom and Luangsaard, 2008), and there are unconfirmed reports
from India (Misra, pers. comm., 2007 and Gupta et al., 2010). Globally the disease initially
appeared in countries that had developed guava production systems based on asexually
propagated (clonal) plant material (Hsieh, ef al., 1976; Grech, 1987). The Republic of South

Africa and the Republic of China, Taiwan, are examples of countries with a sophisticated
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guava industry exclusively based on clonal guava varieties, which usually originated by

selection from seedling orchards.

The aims of this research were to study the epidemiology of this disease in various
geographical locations in orchards under different cultural management systems and to

garner an understanding of the mode of transmission between and within orchards.

5.2 MATERIALS AND METHODS

A chronological record was assimilated as to the progress of GWD into the guava producing
areas of Southern Africa over the period 1981-1992. A similar chronological disease
incidence map was prepared for Taiwan over the period 1926-1990. All experiments
conducted in Taiwan were established by the author during visits to that country in 1987,
1994 and 2002. Disease progress maps in Taiwan and Southern Africa were prepared.
Additionally the progress of GWD in the northern provinces of South Africa (Limpopo and
Mpumalanga) in terms of the area affected by GWD was assessed over the period 1983 -
1992. Three distinct GWD censuses were conducted in 1983, 1985 and 1992. An
assessment of the total healthy guava production area as well as the area afflicted with
GWD was undertaken. The total diseased production area was enumerated by recording the
total area of the affected orchard surveyed, as opposed to the total diseased tree area within

an orchard. Eight orchards were primarily used in this study (Table 5.1).
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Table 5.1. Characteristics of eight guava orchards affected with GWD

Orchard characteristics

Orchard

Location Age Ctv® Irrig® Plts/ha Pruning Initial
cycle/yr GWD %°

1.Malelane 27 FR ME 400 1 0.3

2.Louw's

Creek 22 FR F 400 1 10

3.Louw's

Creek 4 FR F 600 0 3

4.Hazy-

view 18 FR US 400 1 11

5.Bron-

dal 20  FR OS 500 1 10

6.Taisir

(Taiwan) 8 LP D 800 4 17

7.Nelspruit 28 FR F 400 1 25

8.Malkerns

(Swazi-

land) 12 SL D 2000 0 19

2 Cultivar; FR=Fan Retief, LP= Laia-Pa, SL= seedlings. ® Irrigation delivery method; F=flood,

US= under canopy sprinkler, OS= over canopy sprinkler, D= dryland, ME= micro emitter.

¢ Initial infection level at the first orchard inspection by the author (total number of trees
infected or dead as a result of GWD expressed as a percentage of the total number of trees in

the orchard).
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Field GWD infection in experimental plots was confirmed by frequent routine tissue

isolations of N. psidii as outlined in Chapter 3.

5.2.1 Epidemiology

Disease incidence was monitored monthly in Orchards 1, 2, 3, 4, 5 and 7 and periodically
(3-4 times per year) in Orchards 6 and 8 (Table 5.1). Disease distribution and progress maps
were developed that charted the progress of GWD distribution in these orchards over time.
Orchards were mapped at approximately monthly intervals for between one and two years
(depending on the site, in some instances, orchards were mapped for longer periods). The
mean daily tree mortality rate was determined over the assessed period by monitoring the
disease progress in each test orchard in 4 large (> 1 ha) replicated plots. In each orchard, a
tree mortality value, averaged over the plots was calculated. Tests for non-random disease
spread were applied to these orchards by using the methods of Madden ez al. (1982). These
tests were applied to twenty columns of at least 30 trees in each orchard on a monthly basis.
These tests were applied at least for two seasons. In Orchards 2 and 5, humidity and air
temperatures were collected using a 7 day mechanical recording thermohygrograph, placed
2 m above the orchard floor on a platform in the center of 4 trees. Soil temperatures were
recorded automatically by a drum chart recorder and soil probe placed 100 mm below the
soil at the canopy drip line and positioned at the north west side of the tree. All recording
devices were protected from rain by mounting them under a perspex roof that was open on

all sides.
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5.2.2 Spore trapping

Two methods of spore trapping were employed to determine the incidence of
N. psidii conidia in a guava orchard where GWD was present (Orchard 2). The first
method utilized a Burkhard volumetric spore trap (Burkhard, Rickmansworth,
Herts, England), a device based on the earlier research of Hirst (1952) into spore
dispersal. The device was placed in the center of four trees on the advancing front
of the disease. The spore trap was placed under a perspex cover that was open on
all sides but that protected the device from rain. The device was housed on a
concrete platform surrounded by an anti-theft chain-link fence. The device was set
to sample at a rate of 70 liters of air per minute and was placed out in the field for
five consecutive days during each season of the year and where possible, during dry
weather periods. The device was powered by a long duration deep cycle battery. The
collection medium consisted of glycerin jelly amended with 200 mg.L! of rose
Bengal, 20 mg.L! copper sulphate monohydrate and 5g.L! of citric acid (all from
Merck Chemicals, Johannesburg, RSA) smeared onto a 20 mm wide cellophane strip
mounted on a rotating drum. After 5 days of continuous operation in the field, the
cellophane strip was unloaded and cut into lengths that corresponded to 24 hours of
operation (approximately 50 mm). These strips were observed under the light
microscope for the presence of conidia at magnification ranges of X 200 - 800.
Conidial densities were assessed for each of the five days in three hour intervals.
After the microscopic examination, each cellophane strip was cut transversely into

4 pieces of equal length (12.5 mm) representing 6 hour periods. These strips were
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placed face down on acidified water agar amended with 3 mg.L"!' iprodione
(Rovral®, Bayer Crop Science, Isando, RSA), 250 mg.L"! ampicillin [ an antibiotic
(Merck Chemicals, Halfwayhouse, Johannesburg)] and 15 mg.L"! rose Bengal
(WAA:.), in Petri dishes (one per plate) and incubated in darkness at 36°C . After
2 days the cellophane strip was removed (as modified from the method of Holtmeyer
et al., 1981). The Petri dishes were incubated for between 24 and 48 hours with
frequent microscopic examinations to detect fungal colonies and growth, as well as
assessing the suitability for sub-culturing of those colonies. When sufficient
germination of collected conidia had occurred to allow for sub culture, thirty
colonies per dish were aseptically removed and each colony transferred onto
acidified CMA amended with 15 mg.L"! rose Bengal, 250 mg.L"! ampicillin and
3 mgL! iprodione (,CMArs) and incubated at 36°C for seven days. After

incubation, microscopic identification of the cultures was undertaken.

The second method of spore trapping involved exposing .CMA:.r in 7 cm diameter Petri

dishes for one hour during periods of elevated (12h00 to 15h00) field atmospheric conidial

densities, as determined by the previous spore trapping method. Prior to field deployment,

the method was tested under conditions affording less variation, using an indoor warehouse.

Sporulating cultures of N. psidii on PDA, as well as recently collected branches that had

unruptured bark blisters (Chapter 3, Fig. 3.16) were used in these experiments. Bark blisters

were carefully ruptured using a scalpel to expose the Type 1 conidial masses emanating

from sporodochia. The guava branch substrate on which the sporodochia had formed was

placed facing down at varying distances (0.5, 1.0, 2.0 and 3.0 m) above a cluster of open
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Petri dishes containing s.CMA . . The cluster of open Petri dishes comprised of groups of
four Petri dishes positioned perpendicularly across each cardinal point (Fig. 5.1), at varying
distances (0.5, 1.0, 2.0, 4.0 and 8.0 m) from the central vertical axis, underneath the conidial
source. Similarly, sporulating cultures of N. psidii grown on PDA were also positioned

separately above the .CMA.: collection dishes.

Figure 5.1. Apparatus to test the efficacy of passive conidial collection utilizing exposed media
in petri dishes: a, apparatus loaded with a sporulating culture of N. psidii, the white arrows
indicating the horizontal plane along which the petri dishes were positioned; b, apparatus
loaded with a diseased guava branch that has exposed sporodochia, the white arrow indicates
the vertical plane below which are the spore collection plates.

The exposed collection Petri dishes were left in position for 1 hour during the period 10h00

131



to 15h00. During this exposure period, the conidial sources were gently shaken every 15
minutes to simulate wind agitation of the guava canopy in the field. Initially the collection
plates were positioned directly under the conidial source. The procedure was repeated at
varying distances from the central axis as described above. After exposure, the Petri dishes
were incubated at 36°C for approximately 24 hours and assessed for conidial germination
and sub-cultured for taxonomic identification. In the field, Petri dishes of \CMAr were
located at 0, 5, 10, 20 and 40 m along the cardinal points and centered in an orchard area
of high disease severity. At each distance from the disease center, five Petri dishes were
positioned at 2 m from one another perpendicularly across the compass cardinal points.
This procedure was repeated on five consecutive days per season during dry summer
periods in Orchard 2 over two years. Wind direction was recorded at each site. Collected
Petri dishes were incubated at 36°C for two days and then processed identically to the first

spore trapping experiment.

5.2.3 Spore content of irrigation water

An orchard that was flood irrigated was used in this trial (Orchard 2). The orchard was on
a south-east facing slope and irrigation water from a canal at the top of the orchard was
supplied to each tree row, from which it gravitated down to the lowest point. Typically the
orchard was irrigated every two weeks in the dry season (winter) and monthly in the wet
season (summer), unless a rainfall event occurred that negated the need for irrigation.
During each season of the year, over two seasons, irrigation water was collected from the
lowest point in a tree row furrow. Water was collected in this way from four tree rows. The

water was collected in a surface sterilized bucket and poured through a series of wire mesh
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strainers with a final mesh aperture of 50 um. A total volume of 40 liters were collected
from each of the four tree rows and placed in two 20 L plastic sealable pails which had
been previously surface sterilized with a 0.5% sodium hypochlorite solution, after which
they were rinsed with STW. Water was collected approximately 2 hours after the irrigation
cycle commenced and processed within 2 hours. In the laboratory, the water samples were
further filtered, over a partial vacuum, through a series of surface sterilized cartridge filters
(Netafim, Kraaifontein, South Africa). The cartridge filters were first surface sterilized
utilizing a solution of 0.05% NaOCI that was passed through them and after which they
were rinsed with STW. The cartridge filters had pore apertures of 50, 20 and 10 pm. Finally,
the 40 L water sample was split into four 10 L batches and each was filtered through a
40 mm diameter, 5 pm Millipore filter (Millipore Inc., Billerica, USA). The filter was
removed, aseptically cut into 20 equally sized pieces and placed onto Petri dishes face down
on ,CMAr amended with 30 mg metalaxyl L' (for phycomycete suppression). Cultures
were incubated for 48 hours at 36°C in darkness, after which the filter paper pieces were
removed. The cultures were further processed in the same manner as for the volumetric

spore trapping experiments.

5.3 DATA ANALYSES

Data were analyzed by one and two way analysis of variance and where appropriate,
treatment means were separated using the Waller-Duncan k-ratio ¢ test (Little and Hills

1990).
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5.4 RESULTS

GWD was found in all the major production regions of South Africa, with the exception of

the Cape regions (Fig. 5.2).

Figure 5.2. Distribution and chronology of reported cases of guava wilt disease in Southern
Africa (1981-2009) encompassing South Africa, Zimbabwe, Swaziland and Mozambique.

Over a 10 year period GWD spread from the point of its first detection in Southern Africa

(the Malelane/Komatipoort region of Mpumalanga) to Southern Zimbabwe
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(approximately 500 km north), Maputo (150 km east) and Brondal (150 km west). The
production area in South Africa affected by GWD over the period 1983-1992, increased
in percentage terms from approximately 6% to 26% (Table 5.2) in these sub-tropical
guava production regions. Guava cultivation area in the Mpumalanga and Limpopo
regions of South Africa decreased by over 740 ha during the period 1983-1992 as a result
of GWD. Currently the total guava production area in the Limpopo and Mpumalanga

regions is approximately 600 ha.

Table 5.2. Surveys of areas affected by guava wilt disease in the Mpumalanga and Limpopo
regions of South Africa: 1985-1992

Region Total Area (Ha)? Hectares Affected®
1983 1985 1992 1983 1985 1992
White River/
Plaston40 47 4 5 7 3
Brondal 125 154 6 6 19 10
Hazyview 71 82 11 0 20 0
Nelspruit 120 126 O 2 6 0
Komatipoort 20 27 0 3 5 0
Hectorspruit 3 3 0 0 0 0
Malelane
Kaapmuiden/ 93 120 0 10 45 0
Boulders 35 18 0 2 10 0
Richtershoek 49 49 0 0 0 0
Hoedspruit 30 35 0 0 15 0
Louw's Creek 40 43 0 15 28 0
Barberton 30 30 0 0 11 0
Tzaneen 306 345 277 0 0 55
Levubu 175 175 153 0 0 22
Total 1137 1254 451 43 166 90

? Total production area

b Area of cultivation within a region affected by GWD during the indicated period (assessed
as the total area of afflicted, discrete orchards). This appears to be the first records for
Zimbabwe and Swaziland.
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In all of the eight orchards used in these experiments, N. psidii was routinely and

consistently isolated.

5.4.1 Epidemiology

On all the farms surveyed, the initial incidence of GWD was found at the orchard periphery,

usually bordering a road or an access point (Figs. 5.3-5.7 and Chapter 6, Fig. 6.2).

Figure 5.3. Aerial view of the spread of guava wilt disease. The position where the disease was
first detected in the orchard is designated by the letter ‘X’. This photograph depicts the disease
progression, 14 months after the first diseased tree was identified. The orchard is located in the
vicinity of Komatipoort close to the Mozambique border.
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Figure 5.4. Monthly guava wilt disease progress map in Orchard 1 as recorded from the initial
identification of two infected trees: a, January (T=month 1); b, April (T=month 4); c, July (T=
month 7); d, October (T= month 10); e, January (T= month 13); f, April (T= month 16); g, July
(T= month 19); h, October (T= month 22). Orchard area = 2.2 ha. Total trees = 880. Tree
mortality by month 22 = 872.
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Figure 5.5. Chronological progress of guava wilt disease. Top = Orchard 2.
Bottom = Orchard 3.
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Figure 5.6. Chronological progress of guava wilting disease. Top = Orchard 4.
Bottom = Orchard 5.
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Figure 5.7. Chronological progress of guava wilt disease. Top = Orchard 7.
Bottom = Orchard 8.

From the initial disease locus, GWD generally spread rapidly along tree rows (Figs. 5.3 -
5.7). Over the course of these studies, new disease loci appeared in the orchards, but the
major disease front moved predominantly from the initial disease centers, non-randomly
from tree to tree (Table 5.3). Monthly daily mortality rates indicated a distinct seasonality
in terms of tree death (Fig. 5.8).
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Figure 5.8. Mean daily air temperature, mean daily soil temperature and the mean daily tree
mortality rates recorded monthly in two guava orchards infected with Nalanthamala psidii (top
= Orchard 2, bottom = Orchard 5).

Daily tree mortality rates were lowest in Orchards 6 and 8 (Table 5.3), which were the only
sites that were not planted with the extremely susceptible variety ‘Fan Retief’; Orchard 6
was planted with the moderately susceptible variety Laia-pa. Orchard 8 was planted with

open pollinated seedlings from the ‘Fan Retief” selection.
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Table 5.3. Tree mortality rates and statistical patterns of disease spread in eight GWD sites

Mean daily perha  Test for random Result
tree mortality®. or non-random
spread of GWD.
(Runs analysis®)
Orchard
number -Zu
1 1.6 - 160.4 NR
2 0.73 - 141.8 NR
3 0.56 -42.7 NR
4 0.61 -67.4 NR
5 0.68 -91.6 NR
6* 0.36 -134.2 NR
7 0.63 - 152.7 NR
8 0.31 -24.7 NR

? These values represent the mean daily orchard mortality rate. The experiments were repeated
twice and these data represent the mean values over two seasons. ® As described by Madden et
al., (1982), the value, Z,, is the sum of the Z-statistic equation. A column of plants is considered
to have a non-random sequence of diseased and healthy plants if -Z, is greater than -1.64
(P=0.05). Each figure represents the mean value of 20 columns of at least 30 trees per orchard.
NR = non random. * data only collected in this orchard for seven months.

5.4.2 Runs Analysis of disease spread

In all orchards surveyed, clustering of infected plants occurred, which could be measured

using Runs Analysis (Madden et al., 1982):
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(1) E (U)=1+2m (N-m) /N

Where:

N = the total number of plants

m = the number of infected plants in a row or column

U = the number of clusters of either diseased or healthy plants

E = the number of expected clusters (or runs) if disease spread is random.

Under the null hypothesis of randomness (Madden et al., 1982) the observed number of
runs would be less than expected if clustering occurred in columns or rows of trees. The

standard deviation of U is given by:

(2)  Su=(2m (N-m) [2m (N-m)-n] / [N* (N-1)])""?

The standardized U is given by:

(3)  Zu.=[U+0.5-E (U)]/ Su

According to this equation, a column of trees is considered to have a non-random
distribution of healthy and diseased trees if -Zy is greater than 1.64 (P=0.05). As the Z-
statistic equation (3) does not follow a normal distribution for N<20, hence all replicate
columns in orchards were of at least 30 trees. In most cases GWD in an orchard moved
along tree columns. Only in Orchard 2 were differences observed between the downward
and upward movement of GWD in a tree row, which is probably related to the orchard
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topography. Movement of GWD down the orchard gradient was much greater than in the

upward direction.

Mean daily mortality rates per hectare were calculated for all orchards (Table 5.3). In
Orchards 2 and 5 daily mortality rates during each month were calculated and graphically
presented (Fig. 5.8). Rates of daily tree mortality assessed each month were highest in
summer and lowest in winter, when mean daily temperatures were in the region of 14°C

(Orchard 2) and 12°C (Orchard 5), as shown in Fig. 5.8.

Generally the tree mortality rate was lower in younger orchards (Table 5.3). The daily tree
mortality rate averaged over two growing season was lowest in the non ‘Fan Retief’
Orchards 6 and 8 (Table 5.3). Unfortunately, in Orchard 6 seven months into the trial, the
farmer decided to remove all dead trees and replace them with different varieties of guava

and therefore no further data were collect from this orchard.

5.4.3 Aerial propagule recovery

The volumetric (active) spore trapping produced distinct diurnal patterns of fungal conidia
(Fig. 5.9). Maximum levels of trapped fungal conidia usually occurred during 12h00 to
15h00 when the ambient relative humidity was generally at its lowest. Rain initially reduced
the numbers of trapped conidia, but this was followed by an elevated recovery two days

after rain (Fig. 5.9).
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Figure
5.9. Top: daily variation in relative humidity and total trapped spore counts over a five day
period in a GWD infected guava orchard (Orchard 2). Bottom: total colony forming units of N.
psidii recovered.

Conidia of N. psidii could not be identified specifically by direct microscopic examination
of the collection strips of the volumetric spore trap. A wide variety of easily recognizable
fungal conidia were detected such as Alternaria spp. and Fusarium spp. Abundant
Penicillium-like conidia were observed, many of which were morphologically and
dimensionally similar to the N. psidii Type 1 conidia. Type 2-like conidia were not observed

on the collection tape. In subsequent culturing of fungi from the collection strips, N. psidii
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was isolated, albeit at low levels (Fig. 5.9) and most frequently during periods of low
relative humidity, which followed the general pattern of conidial deposition on the

collection tape of other aerially dispersed fungi, as mentioned previously.

Initial pre-field deployment tests for the passive collection of N. psidii conidia (Fig. 5.1)
indicated efficient levels of conidial capture, the magnitude of which was numerically
directly proportional to the proximity of the inoculum source and the collection dishes
(Table 5.4).

Table 5.4. Mean N. psidii conidial recovery in pre field deployment passive
spore collection efficacy tests utilizing exposed amended CMA in petri dishes

Mean spore count on agar plates/m?

Horizontal distance
of the collection plates Vertical elevation above collection plates (m).
from the central axis (m).

0.5 1 2 3
0.5 180 a 212 a 63 a 118 a
1 215a 28 a 159 a 276 a
2 36 a 147 a 98 a 32 a
4 0 a 28 b 71 b 23 b
8 0 a 112b 0 a 0 a

# Mean percentage spore count per m? of collection media. Values represent the mean recovery
over 12 collection petri plates. Means followed by the same letter in each row do not differ
significantly from one another (P=0.05), according to the Waller-Duncan k-ratio ¢ test.
Numerous conidia were observed germinating on the collection media and upon transfer of
the germlings, positive identification of the fungus was possible within 1-2 days.

In contrast to the pre-field deployment tests, the field Petri dish spore trapping method was
not effective in trapping conidia of N. psidii. Nalanthamala psidii was not identified on any
field exposed collection Petri dishes, directly or in subsequent sub-cultures.
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During these studies it was observed that the prevalent winds were normally from the north-
west, although during summer, tropical storms would move from an easterly direction.
Wind did not seem to affect the spread of GWD (as determined from disease mapping) in
the orchard except when summer tropical storms occurred. Several new disease loci would

often be evident in the orchard several weeks after a storm due to extensive canopy damage.
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5.4.4 Irrigation propagule recovery

Propagules of N. psidii were isolated from irrigation water at low levels (Fig. 5.10) and not
during all seasons. These data indicated recoveries only in summer in both collection years.
In the second year, the recovery of N. psidii propagules in summer irrigation water was
much higher than in the first collection year. Three days prior to collection of the 2™ season
December irrigation samples, the orchard received approximately 20 mm of rain. Orchard

2 was in a warmer production region and N. psidii was active in all seasons.

Figure 5.10. Seasonal incidence of N. psidii in irrigation water from an orchard infected with
Nalanthamala psidii (Orchard 2). Data were collected over two growing seasons.

5.5 DISCUSSION

148



The area of guava production in the Mpumalanga and Limpopo provincial regions declined
by over 40% over the period 1983-1992 as a result of GWD (Table 5.2). The situation
specifically in the Mpumalanga Province over the same time period illustrates the greater
impact of GWD in this guava region than the northerly production regions: +/- 750 ha in
1982 to 160 ha in 1994 (Anonymous, 2008). As of 2012, the total area under guava
cultivation in both of these provinces is approximately 600 ha (Schoeman et al., 2012).
During the three censuses, it became apparent that GWD outbreaks in a previously
unaffected production region, rapidly resulted in the destruction of the entire production
region within several years (Table 5.2). The rapidity of spread of GWD is clearly indicative
of the highly contagious nature of this disease as well as the striking susceptibility of the

‘Fan Retief” guava variety.

In many developing countries guava is viewed as a low input crop, consumed locally by a
domestic market, and the lack of crop homogeneity is not seen as a serious impediment to
guava production. Guavas are more easily propagated from seed than clonal propagation,
methods, which require higher input costs and improved infrastructure. Hence in many
developing countries, production is based on open pollinated, heterozygous seedlings
(Morton, 1989; Negi and Rajan, 2007). As such, production and quality of fruit is variable.
However, the lack of genetic uniformity has the beneficial effect of imparting a lower
vulnerability to epidemics of GWD and perhaps this is a major contributing factor in the
much slower geographical spread of the disease in Asia as compared to Southern Africa.

In many parts of the tropics and sub tropics, plant material movement across borders is
largely unregulated due to under-developed phytosanitary regulations, non-existent border
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controls or both (Abdallah and Black, 1998). Unregulated movement of guava plant
material is commonplace in many parts of Africa and Asia. As such, the likelihood that
GWD has spread into previously unreported locations is a possibility. However, given the
widespread use of guava seedlings in orchards in many parts of the world (Morton, 1989),
broad genetic tolerance to GWD is also a possibility and one that is likely to retard the
development of epidemics of the magnitude witnessed in South Africa and Taiwan. This
argument is supported by the observation in these studies that the comparative tree
mortality rates between test orchards showed that seedling-based orchards had the lowest
annualized daily tree mortality levels (Table 5.3), even though these seedlings were derived

from a susceptible parent (‘Fan Retief”).

GWD was first reported from the Republic of China, Taiwan in 1923 (Kurosawa, 1926)

and over several decades it spread into all of the guava production regions of that country

(Fig. 5.11).
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Figure 5.11. Distribution and chronology of the reported incidence of guava wilt disease in
the Republic of China, Taiwan.

GWD was reported in the Philippines by Quimio ef al. (1984), but only 60 years after its
recognition in Taiwan. What is surprising is that the known distribution of GWD in Asia is
so limited, given the long history of GWD in the Republic of China of over eighty years.
The historical agricultural policies of the Japanese colonial government in Taiwan (Myers
and Peattie, 1984) during the period that GWD was discovered in that country (by the
Japanese researcher, E. Kurosawa) strongly promoted agriculture development and new
crops. Extensive movement of plant material occurred between different Japanese colonies
during their occupation of those countries. One can presume that movement of guava
propagation material also occurred in south East Asia at that time, as it still does today. The

anomaly is that GWD did not spread faster during this period (or possibly present but not
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reported until much later), and to other Asian countries where guava was widely grown.
This is probably because clonally propagated orchards did not develop until after the
Second World War. Open pollinated, small scale orchards would have presented a barrier
to the spread of the disease on a large scale. Only comparatively recently have defined
phytosanitary policies been implemented between sovereign countries (Abdallah and

Black, 1998)

Since its first appearance in South Africa in 1981, GWD has spread to all the major
commercial production regions (Fig. 5.2), over a period of approximately ten years, with
the exception of the Cape guava production regions. Observations in areas recently infected
with GWD have indicated that these new sites were mostly located in close proximity to
major road routes (Fig. 5.2). In orchards, a similar trend was observed in that the first
detection of GWD in an orchard was normally found adjacent to a farm access road (Fig.
5.3).

The spread of GWD in an orchard was non-random (Table 5.3), spreading from tree to tree
primarily in tree rows but also across tree rows (Figs. 5.4-5.7). This form of non-random
disease movement suggests high frequencies of root transmission (Kentz and Riker, 1951)
and it is postulated that this is the major pathways of "in-orchard" spread of GWD. Rates
of mature tree death would also support this hypothesis, where in the field, the onset of
symptoms to tree death is usually very rapid (+/- 2-6 weeks depending on season), whereas
pruning wound infected trees can take several months to succumb. Root grafting in older
orchards was commonly observed. The lack of root anastomosis and minimal pruning
wounds (due to age) in Orchard 3 probably contributed to the lower tree mortality rate.
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Young orchards were found to initially have lower rates of disease spread. However, by the
fourth or fifth year tree death rates had reached parity with older orchards. The greater the
orchard density, the earlier the tree death rate reached that of older orchards and this may
be related to the greater frequency of root grafting in older orchards as well as orchards of
higher plant densities. In warmer localities, disease spread was faster and this correlates
well with the growth temperature preferences exhibited by N. psidii (Chapter 4, Figs. 4.1,

4.3 and 4.4). N. psidii did not grow below 8°C.

The progress of GWD, in terms of the daily tree mortality rates per ha were closely related
to ambient temperature (Fig. 5.8). Summer daily tree mortality rates were at least double
those in the winter. In some of the hottest regions (such as Orchard 1 in Malelane), tree
mortality rates over the season as high as 1.6 trees.ha™!.day! were recorded (Table 5.3).
However, during mid to late summer (January-February), daily tree mortality rates in
excess of 1 tree.ha!l.day'in heavily diseased orchards were often observed (Fig. 5.8).
However, in the hotter production regions of the Lowveld (e.g. Kopoort, RSA and Moamba,
Mozambique), tree mortality rates of 2-3 trees.ha'.day! have been observed (Grech,
unpublished). These findings are consistent with earlier findings (Chapter 2), where the
optimal growth temperature for N. psidii was found to be approximately 30°C (35°C for
conidial germination). Lowveld summer temperatures in full sun frequently exceeded in
40°C in many of the guava orchards examined, but generally in the tree canopy,
temperatures usually were found to be in the mid-thirties. N. psidii grows slowly at
temperatures below 15°C, and therefore winter temperatures were primarily responsible for
the noticeable retardation of the winter mean daily tree mortality rates compared to summer
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mortality rates.

The volumetric spore trapping and recovery methods employed in this study resulted in the
recovery of aerial propagules of N. psidii, albeit at low levels. Volumetric spore trapping
methods showed a distinct daily rhythmicity in total spore recovery patterns (Fig. 5.9).
N. psidii conidia were not discernable from many other conidia recovered on the collection
tape. However, many conidia resembling Type 1 conidia (which are hydrophobic) were
observed on the collection strips. These conidia would have been released from sporodochia
on the aerial parts of the tree (Chapter 3, Fig. 3.16), specifically during daily periods of low
relative humidity. The conidial release episode in Orchard 2 peaked between 09.00 and
15.00, in accordance with the findings of Gregory (1962) for other hyphomycetes. Rainfall
completely inhibited conidial release (Fig. 5.9). These conidial release patterns are similar
to those obtained for Nalanthamala vermoesenii (Gliocladium vermoesenii) in the wilting
disease syndrome on canary palms in California (Feather, 1982). The aerobiology of N.
psidii 1s believed to be similar in all seasons of the year, particularly in the hot guava
production areas (such as in Orchards 1 and 2). Type 2 sporulation occurred throughout the
year, as did tree death (albeit at lower levels in winter). In the cooler production areas (such
as Orchard 5) conidial release was lower in the winter due to reduced tree mortality rates
and diminished production of bark sporodochia. However, field observations by the author
indicated that active conidial discharges as a result of rupturing of bark blisters occurred
throughout the year. These findings are important because guavas are pruned heavily in late
spring/early summer, a period when N. psidii conidial production was increasing. It is likely
that contamination of pruning shears and other implements occurs during pruning periods,
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leading to increased tree infection, as observed with other diseases (Mercer and Kirk, 1983;

Northover, 1992; Agusti-Brisach et al., 2015).

The initial pre-deployment tests that were conducted on passive conidial collection onto
open Petri dishes (Fig. 5.1) offered promise based on preliminary results that indicated
acceptable conidial recovery efficiencies were possible (Table 5.4). Although large
variations were apparent in these data, the method did successfully recover N. psidii
conidia. In the field, the technique of exposed Petri dish conidial collection proved to be a
failure for reasons not clearly apparent in this study. This method did not result in any
recovery of N. psidii. The method is very labor intensive and resulted in the culturing of
numerous saprophytic fungal contaminants such as Aspergillus spp., Cladosporium spp.,
Penicillium spp. and Alternaria spp. that rapidly colonized the exposed Petri dishes, even
with the addition of fungal growth retardants in the media. This issue was not problematic
in the pre-field deployment tests because there were fewer background saprophytic
contaminants present. The lack of a selective or partially selective media for N. psidii

during this study restricted further elucidation of the aerobiology of N. psidii.

Air turbulence in Orchard 2 was very low and this may have contributed to the low
dispersion of Type 1 conidia from the disease front. Tropical summer storms invariably led
to substantial tree damage and this may also provide infection courts for N. psidii, which is
a wound pathogen.

Irrigation did not seem to be a major factor in disease spread, except in orchards that were
flood irrigated, such as Orchard 2. In Orchard 2, the movement of GWD down the tree row
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was faster than the upward movement by approximately a factor of two. Irrigation water
was delivered to the top of this orchard and gravitated down the tree rows to drainage canals
at the North West orchard corner at the bottom of the slope. GWD spread in this orchard
seemed to follow the direction of the slope (Fig. 5.5). It is postulated that in flood irrigated
orchards, movement of N. psidii propagules such as Type 2 conidia or chlamydospores may
be a greater factor in GWD spread than in low volume, micro-irrigated orchards, where

water delivery is localized to a particular tree station.

N. psidii was detected at low levels in irrigation water collected at the bottom of the flood
irrigated Orchard 2 (Fig. 5.10), and it is postulated that these water borne propagules infect
wounded tree roots and eventually colonize the tree. Although N. psidii was detected, the
dispersive aquatic propagules could not be found. It is postulated that they were the Type
2 (hydrophilic) conidial type and/or chlamydospores. In flood irrigated orchards water was
frequently found to pass through the basins of dead and dying trees and then into the basins
of healthy trees. Movement of GWD in flood irrigated orchards was found to move more
rapidly in the direction of the water flow (slope), even though root grafting between trees
in the same tree row was common. Further characterization of the aquatic and aerial
dispersal of this pathogen will be assisted by the development of a semi-selective medium
for N. psidii (Hong et al., 2013). Chlorination of micro-irrigation systems utilizing surface
waters potentially contaminated with N. psidii, has been found previously to eliminate

infective propagules (Grech and Rijkenberg, 1991).

Sporulation of Type 2 conidia were found on infected roots as sporodochial masses,
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frequently found in a calcium rich aggregates (Chapter 6, Fig. 6.13), and these were
generally abundant under the leaf litter of dead and dying trees. It is postulated that these
propagules are the major aquatic and subterranean infective propagules, due in part to their
hydrophilicity. Many wounding agents are commonly found in the soil (Bruehl, 1987) that
can provide the necessary wounds for tissue colonization by N. psidii. Although the
methods used for spore collection from irrigation water were not entirely satisfactory, as
reflected in the low recoveries achieved (Fig. 5.10), these data did indicate seasonal
fluctuations of spore loads in irrigation water. This information may be of importance in
the control of this disease in flood irrigated orchards if it can be shown in future studies

that fungal inoculum loading is indeed less in all seasons except in the summer rainy season.

In these studies, however, the variation in numbers of propagules of N. psidii recovered
from water samples was thought to be due to several factors, including fluctuations in the
water quality between irrigation samples, and the tendency of propagules to aggregate on
organic matter in clumps (Harrison and Lowe, 1987). A further difficulty was in identifying
colonies of N. psidii in the Petri dishes before overgrowth by other fungi occurred. The
development of a selective media for the isolation of aquatic propagules of fungi in the
genus Nalanthamala will substantially alleviate this problem for future studies. Generally
background contamination was higher in the samples with higher levels of suspended
matter. It is thought that the many conidia were probably attached to suspended organic
matter, which was then removed in the filtration process. Overall, however, these studies

clearly showed the dispersive ability of N. psidii in water and in air.
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Root anastomosis in Orchard 5 was common but the experiment test trees in this treatment
were far (+/- 50 m) from the disease front and each 4 tree replicate was assessed on the
incidence or absence of GWD, and not the degree of infection. Additionally, aerial infection
often resulted in sectorial infection courts that were easily identified as a pruning wound
(Chapter 6, Figs. 6.10 and 6.11). Further verification of the existence of these aerial
infection courts was made by paring back the bark and wood to assess tissue discoloration.
This usually confirmed the development of a pruning wound infection. Although the
assessment of these pruning treatments occurred at 6 month interval, orchards were visited
on a monthly basis. Trees were observed for infection and specifically, for the presence of
aerial infection courts as a result of pruning. From these studies, pruning wound infection
represents an infection route for the pathogen that greatly expands its dispersive potential
and 1s likely to be the primary mechanism in the establishment of new infection centers
within and between orchards. However, as statistically described earlier, once GWD is
established in older orchards, the putative main mode of tree to tree transmission is via root
grafting, which is common in older orchards. Root graft disease transmission is well
documented in tree to tree spread of vascular wilting fungi (Stipes and Campana, 1981). In
older orchards it is hypothesized that tree to tree infection via root grafting would mask the
effects of pruning on the spread of GWD in active disease loci. However, it would seem
from this research that pruning wound infections have the potential to exacerbate the spread
of GWD in young (<7 years) orchards (low or no root grafting), as well as being an

introduction route into new unaffected orchards.

In Taiwan guavas are pruned frequently, to not only reduce and maintain low canopy
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heights, but also to modify crop harvest schedules. These multiple pruning practices in
Taiwan do not appear to exacerbate GWD (Grech, 1988) to the same degree as in South
Africa. This may be due to higher levels of tolerance to GWD in the cultivars used in
Taiwan compared to South Africa. Historically, Taiwan has selected guavas for disease
tolerance, primarily to aerial infection as this was, until recently (Hong et al., 2013),
presumed to be the major infective pathway in commercial guava orchards in Taiwan. An
important factor in the interpretation of these results on pruning frequency and the
incidence of GWD is to consider that commercial pruning operations do not normally
employ sterilization of pruning tools as a standard practice. As such, the spread of the
fungus may occur on field implements during pruning, as in other fungal epidemics
(Agusti-Brisach et al., 2015) such as pink rot of palm trees caused by Nalanthamala

vermoesenii (Gliocladium vermoesenii), as described by Feather (1982).

The sharp rise in the daily tree mortality rate in October (Fig. 5.8) could have been due to
the annual orchard pruning that occurs during early September, in conjunction with higher
temperatures that are conducive to the growth of N. psidii. In view of this potential mode
of disease spread, proactive management measures should take cognizance of the
importance of tool sterilization between trees, and the need for protectant fungicidal or
biocontrol sprays immediately after pruning. This is particularly important where GWD is

already present in an orchard or if the disease is present in the vicinity.
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