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Abstract
Alligator weed (Alternanthera philoxeroides) is a major weed of world
importance and a “weed of national significance” to Australia where it is
proclaimed noxious in all states. In spite of a concentrated effort with herbicides
and insect biological control, the core infestation in NSW is still inadequately
controlled and acts as a reservoir for new outbreaks throughout Australia.
Inundative biological control with plant pathogens (mycoherbicide) is seen as a
“softer” alternative to chemicals and could be integrated with existing control
methods to give better levels of control.
A survey of diseases on alligator weed in NSW was instigated to
determine the mycoflora of the weed in its introduced range. Isolates from this
field material constituted prospective pathogens for a mycoherbicide of alligator
weed in Australia and these were identified and evaluated. Approximately 82
species of fungi and one leaf infecting nematode were isolated from alligator
weed lesions. The disease with the highest incidence and variable severity was
shown to be caused by members of the anamorphic genus Nimbya. The same
disease and incitant was also found on native Alternanthera denticulata and the
weeds A. sessilis and A. ficoidea growing in isolation from alligator weed.
The fungus Nimbya alternantherae had been cited as a possible
mycoherbicide agent for alligator weed in Brazil, China and the USA however
the Australian isolates displayed a greater range of morphologic variation than
could be accommodated in the species description. Some of these isolates
demonstrated superior pathogenicity to alligator weed in glasshouse trials and
their taxonomic status needed to be determined before mycoherbicide
development.

xviii

In order to determine the Nimbya species found on alligator weed in
Australia, detailed morphologic comparisons were made using 105 isolates of
Nimbya from both the survey and living herbarium cultures isolated from
amaranthaceous hosts in China, New Zealand, Japan and the USA. An isolate
of Nimbya from A. sessilis in Queensland was closest to the holotype of N.
alternantherae and many others accommodated within the recently described
N. perpunctulata.

Another group of isolates from the Sydney Basin

distinguished by their morphology demonstrated high virulence to alligator
weed.
A heterothallic mating study of the Nimbya isolates revealed a hitherto
undescribed genus in the Pleosporaceae suggesting the polyphyletic nature of
Nimbya with its Macrospora teleomorph.

The isolate mating pattern

demonstrated the presence of only one polymorphic species on Alternanthera.
The evidence suggests the re-combination of N. perpunctulata and N.
alternantherae into one species within a new mitosporic genus erected to
transfer and accommodate the isolates from amaranthaceous hosts.
Molecular studies utilising a multilocus approach with the internal
transcribed spacer region of rDNA (ITS1 and ITS2), and portions of the
glyceraldehyde-3-phosphate dehydrogenase (gpd) and translation elongation
factor-1 alpha (EF-1a) genes supported the results of the mating studies. The
study also supported the monophylogeny of Nimbya from Alternanthera, the
species concepts of N. gomphrenae and N. celosiae, and the polyphylogeny of
Nimbya. Moderate support was demonstrated for a trend towards speciation
among isolates from Alternanthera separated by climate and/or geography.
This study revealed the prospective mycoherbicide of alligator weed
candidate to be polymorphic and belong to a new taxon different from Nimbya

xix

and closer to Alternaria. Significant knowledge has been added to the study of
relationships among close relatives of Alternaria and a firm taxonomic base has
now been laid for the evaluation as a mycoherbicide of the many polymorphic
isolates of Nimbya on alligator weed.
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Chapter One:

General Introduction
1.1 A worldwide weed
Alligator weed (Alternanthera philoxeroides (Mart.) Griseb. family
Amaranthaceae) is native to the Parana River region of South America (Vogt,
McGuire & Cushman 1979), and is an aquatic and terrestrial weed of world
importance as evidenced by 1156 citations spanning the period from 1911 to
2009 referenced by the University of Florida online aquatic, wetland and
invasive plants bibliographic database (http://plants.ifas.ufl.edu) (Anon. 2005;
Brown 2008).

Many of the published articles reflect the emphasis on

investigations in south-eastern USA where spread of the weed throughout the
20th century and a search for control measures has influenced research. Later
citations reveal a shift in geographical focus with the dispersal of the weed to
other continents.
The weed has spread northward into Central America and south to
Argentina (Julien, Skarratt & Maywald 1995). With the introduction into the
USA, the weed can now be found between latitudes 35° North and South in the
Americas (Holm et al. 1997). Establishment in the USA was reported around
1900 (Phillips 1993) and the weed has since spread to Indonesia, Burma, India
(Majumdar & Banerjee 1976) Taiwan, Thailand, New Zealand (Holm et al. 1979)
and Australia (Hockley 1974). Alligator weed was first reported in New Zealand
in 1906 (Global Invasive Species Database 2010) and following its introduction
into China as a forage plant in the 1930s (Wang, Li & Wang 2005) had become
widespread and established throughout twenty southern provinces by 2003 (Ye
et al. 2003).
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Julien, Skarratt & Maywald (1995) indicated that although alligator weed
was not yet present in Europe and Africa, areas of Southern Europe and much
of Africa were climatically favourable for growth of the weed. Alligator weed has
since been reported from Italy (Garbari & Pedulla 2001) and southern France
(EPPO 2005) indicating that it may only be a matter of time before it is fully
established on these continents.

1.2 The weed in Australia
In Australia, alligator weed is thought to have been introduced from the
ballast of ships from South America. The plant was first noticed growing from
ballast heaps near Newcastle NSW in the mid 1940’s and had spread to the
Sydney region and beyond by 1970 (Hockley 1974). A recent genetic analysis
of alligator weed using inter-simple sequence repeats (ISSR) provides evidence
of at least three separate introductions of the weed into Australia (D Gopurenko,
Unpublished). Interestingly, it was not reported as occurring in Australia in the
1979 publication of Holm et al.. Now declared noxious in all states, with a
potential distribution throughout southern and eastern Australia (Julien, Skarratt
& Maywald 1995), the plant has been listed among the top 20 ‘weeds of
national significance’ (Thorp & Lynch, 2000). The weed continues to spread
throughout disconnected areas of NSW (Sainty, McCorkelle & Julien 1998). An
aquatic infestation discovered in Byron Creek Northern NSW in 1998 (Ensbey &
Blackmore 2003) was thought to be deliberately planted.

Despite a

concentrated effort of chemical and mechanical control measures over a ten
year period the weed has persisted and spread to cover at least 60km of the
downstream waterway before substantial flooding carried the weed along much
of the Richmond River threatening the catchment and floodplains (Cheadle
2009). Alligator weed was also discovered in the south-west of the state in
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1994 at Barren Box swamp near Griffith and the Murrumbidgee Irrigation Area
(MIA) threatening multi-million dollar agricultural industries and the MurrayDarling river system (Dick 1994). In excess of three million dollars is estimated
to have been spent on the attempted eradication program in the MIA over a ten
year period and significant resources are still outlaid each year to search for
and destroy incalcitrant plants (Verbeek 2004b). It has been estimated that it
would have cost farmers in the MIA up to $250 million annually if left unchecked
(Anon. 2003). Many new populations are now turning up in irrigation channels
and on an increasing number of private farms (Verbeek 2004b) where they are
proving difficult to eradicate (Verbeek 2004a).

The Hawkesbury-Nepean

aquatic weeds taskforce (2001) states that “once alligator weed is established
within a catchment it is not possible to achieve total eradication with current
technology, information and management practice”.
Alligator weed reproduces vegetatively in Australia and is distributed
within water bodies by water movement of plants and stem pieces and long
range dispersal by movement of infested soil and turf, earth moving machinery,
boating and direct human intervention through use as an aquarium plant and
vegetable (Ensbey & van Oosterhout 2009). The weed has been mistaken for,
or used as a replacement for, the popular Sri Lankan vegetable mukunawanna
(Alternanthera sessilis (L.) R.Br. ex DC) and transported around the country to
many suburban gardens with the inevitable introduction to nearby waterways
(Sainty, McCorkelle & Julien 1998; Gunasekera & Bonila, 2001).

Garden

plantings have been found from Port Douglas in northern Queensland through
to Tasmania in the south (Gunasekera 2004) and quickly become extensive
infestations upon escape into nearby waterways such as observed in the
Patterson River at Currum Victoria (Gunasekera & Reitano 2007).
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Alligator

weed infestations now cover approximately 4000ha in Australia (van Oosterhout
2007).
Alligator weed is an emergent aquatic which can break off into free
floating mats or climb the banks of water bodies and grow as a terrestrial plant
(van Oosterhout 2007). It has been seen as a nuisance weed in its place of
origin but is a serious threat to agriculture and the environment when
established outside of its home (Holm et al. 1997). As an aquatic, the weed can
block waterways affecting flooding, recreation, tourism and species diversity of
the native environment. The weed is also a threat in terrestrial situations due to
its extensive root system and resistance to available means of control (van
Oosterhout 2007). The root system is able to become dormant when buried
(Quimby & Kay 1977; Quimby, Potter & Duke 1978) and as observed at a
localised infestation at Woomargama NSW, may emerge many years later to
once again become an infestation (N Hibberson, Holbrook Shire Council Weeds
Officer, pers. comm. 2005).
Although alligator weed has nutritional attributes as a stock feed
(Dewanji & Matai 1966; Dewanji 1993; Bhatta & Das 1996a, 1996b), and used
for human nutrition (Boyd 1968; Quimby & Robinson 1975; Majumdar &
Banarjee 1976; Gunasekera & Bonila 2001) it has been reported to cause
photosensitisation of dairy cattle in New Zealand and Australia (Roberts &
Sutherland 1989; Bourke & Rayward 2003). The weed has a propensity to
accumulate heavy metals (Naqvi & Rizvi 2000) and can be used for
phytoremediation of soils and water (Simmons, Suleiman & Theegala 2007).
The danger to human health from this accumulation of toxins prompted Reddy
(2008) to call for the Indian government to ban its use for human consumption.
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1.3 Biology of the weed
Alligator weed (Alternanthera philoxeroides) is a member of the family
Amaranthacae, sub-family Gomphrenioidea and, within the Caryophyllales,
closely related to sister families Chenopodiaceae and Caryophyllaceae
(Mugnier 1998).

Many members of the genus Alternanthera possess a

propensity for weediness.

Of the estimated 200 species known worldwide

(Jacobs & Lapinpuro 2000), Randall (2002) lists twenty species and three
varieties excluding synonyms as weeds throughout the world. Eleven accepted
species are recorded in Australia (Australian Plant Census n.d.) with seven of
those found as weeds in New South Wales (Jacobs & Lapinpuro 2000). All but
two of the NSW weeds are native plants (Australian Plant Census n.d.).
A general description of A. philoxeroides is given by Julien, Skarratt &
Maywald (1995) and Holm et al. (1997) as follows. A perennial aquatic or semiterrestrial marshy herb, decumbent, stoloniferous, or ascending from a creeping
or floating rooted base, adventitious roots form at most nodes. Stems simple or
branched, prostrate decumbent or ascending, hollow, longitudinally striate with
a longitudinal hairy groove on two opposite sides of the internodes, otherwise
glabrous. Ascending stems up to 80cm long or up to two metres long when
growing amongst and supported by Typha species.

Leaves are opposite,

sessile, glabrous, linear lancelolate to narrowly obovate, 2-12cm long and 0.54cm wide with a distinct midrib below. Roots are relatively fine and short in
water but thicker, woody, rhizome-like and longer in soil. Inflorescence is a
simple terminal or axillary spike. Axillary peduncles from 1-9cm long and the
spike sub-globose to cylindrical, 12-14mm diameter made up of white papery
flowers. Alternanthera philoxeroides can be differentiated from A. denticulata
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R.Br. and A. sessilis also found in damp habitats in Australia by the hollow
stems and the pedunculate, larger inflorescence of the former.
There is a very low genetic diversity within and between alligator weed
populations in China as shown by the study of Wang, Li & Wang (2005) using
RAPDS and ISSR fingerprinting techniques on seven populations of alligator
weed separated by up to 1000km throughout southern China. Their results
support the earlier conclusions by Xu et al. (2003) and Ye et al. (2003) using
other geographically diverse populations that alligator weed in China probably
originated from one or a few closely related introductions and spread rapidly by
largely vegetative means.

There is limited evidence of seed production by

alligator weed in China and most reproduction is thought to be vegetative
(Wang, Li & Wang 2005).
Viable seed production is also extremely rare in the USA population
(Sculthorpe 1967; Center & Balciunas 1975; Holm et al. 1997) although there is
evidence for greater genetic diversity. Two biotypes of alligator weed have
been described in the USA (Kay & Haller 1980), the slender stemmed (SSB)
with short, rounded leaves and broad stemmed types (BSB) with long, slender
leaves, can be differentiated by their morphology and a correlation with genomic
differences observed through protein isozyme techniques (Wain, Haller & Martin
1984), thus providing evidence for at least two separate introductions in that
country.

There is also evidence of a differential tolerance to herbicides

exhibited by the two biotypes (Kay 1992).
No viable seed set has been reported in Australia (Sainty 1973; Julien,
1997) and populations appear to be uniform with observed differences in
morphology due to nutrition and habitat (Julien, Skarratt & Maywald 1995). Two
forms of A. philoxeroides have been identified in distinct ranges in South
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America (Sosa et al. 2004) with the northern form a sterile tetraploid hybrid and
apparently the source of the Australian population (Sosa et al. 2008).

1.4 Weed management
Despite the low genetic diversity of alligator weed in Australia due to the
limited introduction of material, attempts at chemical control measures have
been less than satisfactory.

This was especially true before the work of

Bowmer, McCorkelle & Ederbach (1991) who in their own words stated
“previous attempts to control alligator weed with herbicides have been
remarkably unsuccessful”. In field experiments on pasture land at Williamtown
from 1987 to 1990, many herbicide combinations were investigated and the
results demonstrated that no single herbicide treatment could eradicate alligator
weed (Bowmer, McCorkelle & Ederbach 1991). Their results suggested either:(a) One application of dichlobenil followed by glyphosate 9 months later (for
use near or over water).
(b) One application of dichlobenil followed by metsulfuron 9 months later
(metsulfuron not registered for use near water).
(c) Three sprays of metsulfuron or metsulfuron/glyphosate over 18 months
(terrestrial only).
Alligator weed was shown to resist translocation of glyphosate to the
roots and rhizomes (Gangstad et al. 1975; Bowmer, McCorkelle & Ederbach
1991; Bowmer, Ederbach & McCorkelle 1993; Tucker, Langeland & Corbin
1994).

At present, glyphosate in the form of Roundup® Biactive ™ is

recommended only for free floating plants on water although there is concern
about the treated plants disintegrating and free floating nodes taking root
downstream (van Oosterhout 2007).
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Although Sydney Water Corporation was able to reduce the alligator
weed infestation in Botany wetlands by 90-95% over a period of six years with
intensive integrated management using glyphosate (Chandrasena, Pinto & Sim
2002; Anon. 2003), it is clear that chemical control is still less than adequate
and any lapse in the application schedule can see the return of large
infestations within a short period.

Herbicide trials continued in New South

Wales up to 2007 however despite intensive screening of new chemicals the
recommendations are principally the same as from 1991 (van Oosterhout
2007). Differences in the strategy have resulted from off-label permits now
being allowed for metsulfuron-methyl near non-potable water in contrast to the
more restrictive use of dichlobenil.

Two to three chemical applications are

required each growing season for at least six years before physical removal can
be attempted (van Oosterhout 2007; Ensbey & van Oosterhout 2009). The use
of herbicides selective for dicotyledonous plants and resultant vegetative
competition has become another strategy for areas where suppression rather
than removal is allowed (Cook & van Oosterhout 2008; Schooler et al. 2008;
Schooler et al. 2010).
Physical control by digging and removing plants is also problematic due
to the real possibility of the infestation re-establishing from small segments
inevitably left behind and movement of plants to new sites through spillage and
regeneration at the dump site (Land Protection 2001; van Oosterhout 2007).
Earlier recommendations required excavation of all infested soil to a depth of
one to two metres (Ensbey 2001) however due to the large volume of
contaminated soil generated by this method, later recommendations suggest
only the removal of the top 20cm of soil and herbicide treatment followed by
disposal at a secure dumpsite (Ensbey & van Oosterhout 2009).
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1.5 Biological control
Although uniformity in the alligator weed genome in Australia is not
necessary for weed control with synthetic herbicides it would be a distinct
advantage for biological control techniques.
Insects have been used as biocontrol agents for terrestrial weeds for
over 100 years but not until 1964 were they trialled against aquatic weeds with
the introduction from South America of the alligator weed flea beetle, Agasicles
hygrophila Selman & Vogt (Coleoptera: Chrysomelidae), to alligator weed in the
USA (Harley & Forno 1990). The beetle was followed by the release of the
thrips, Amynothrips andersoni O’Neill (Thysanaptera: Phaeothripidae), in 1967
(O’neill 1968) and a third agent, the alligator weed stem borer moth, Vogtia
malloi Pastrana (Lepidoptera: Pyralidae, Phycitinae), in 1971 (Julien 1987).
Comprehensive reviews of the American biological control experience can be
found in Spencer & Coulson (1976), Coulson (1977) and Buckingham (2000).
The thrips were successful in decreasing populations in only a small number of
situations in the USA however the success of the beetle in aquatic situations
and the wider geographic range of the stem borer have negated most of the
need for further research on alligator weed control (Phillips 1993).
Along with the moth, the beetle was introduced onto alligator weed in
Australia in 1977 and later to New Zealand (Julien & Griffiths 1998). Although
the host weed is thought to be genetically uniform and thus susceptible across
all populations there is a difference in control brought about by the phenotypic
plasticity of alligator weed to its habitat (Li & Ye 2006). Like in the USA, the flea
beetle could limit the spread of alligator weed in the aquatic environment (Julien
1981) but was shown to have a more restricted climatic range than its host
(Gangstad et al. 1975; Julien, Skarratt & Maywald 1995; Buckingham 2000).
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The moth preferred terrestrial populations but was not as efficient in controlling
the weed in Australia.

In the early 1980s, another flea beetle, Disonycha

argentinensis Jacoby (Coleoptera: Chrysomelidae), was introduced into
Australia and New Zealand in an attempt to control terrestrial populations but
the agent did not establish in either country (Julien & Chan 1992). At present,
in favourable locations in the core infestation of Sydney/Newcastle, Agasicles
hygrophila removes all above water alligator weed herbage in two flushes,
summer and autumn, however the plant readily grows back the following spring
(van Oosterhout 2007).
Searches have continued in South America for additional insects suitable
for introduction into Australia with a further two or three agents still to be
evaluated however they are not expected to give the level of control of the
former introduced insects (M Julien, pers. comm. 2006). The thrips species
introduced in the USA and regarded as the “next best” Australian candidate,
cannot be introduced into Australia as it was found to damage the native plant
A. denticulata and a re-introduction of Disonycha argentinensis has also been
cancelled since a more comprehensive host range study found that it is capable
of oviposition on the same plant (M Julien, pers. comm. 2006). There is always
a risk that introduced biota will also damage native species closely related to
the target weed (Pemberton 2000).
Insect biocontrol of alligator weed is therefore currently close to the limit
of its efficacy in Australia and along with the inadequate control and
environmental effects of chemical herbicides, the weed is still spreading.
Another form of biological control with the inherent environmental advantages of
low mammalian toxicity and minimal damage to other plants and animals is
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required. Biological control of alligator weed with fungal pathogens has not yet
been investigated in Australia.

1.6 Fungi as biological control agents
Two main methods of biological control with fungal pathogens have been
distinguished. The first is akin to the predominant method utilising insects and
discussed above. As this is the method with the longest history it is referred to
as the “classical” method and will be discussed first.
Classical biological control involves the introduction of a biotic agent
which attacks the weed in its native range but does not occur in the region
where the plant has been introduced (Pieterse 1990; Yandoc-Ables, Rosskopf &
Charudattan 2007).

The organism needs to be highly selective, highly

pathogenic to all populations of the host and able to reproduce and disperse
naturally and effectively.

In classical fungal biocontrol, biotrophic fungal

pathogens such as rusts and smuts (Uredinales, Ustilaginales) have
traditionally filled this role. Although attempts began in the late 1960s (YandocAbles, Rosskopf & Charudattan 2007), the selection and release of a rust to
control skeleton weed (Chondrilla juncea L.) in Australia was the first successful
demonstration of this technique (Cullen 1978). On the strength of this success,
other rusts have been imported and released in Australia to control
environmental weeds such as lantana (Tomley & Riding 2002) and bridal
creeper (Morin et al. 2002). The only published report of a biotroph on alligator
weed has been the description of a rust species, Uredo nitidula Arthur collected
from Guatamala in October 1877 (Arthur 1928). Biotroph reports have been
notably absent from pathogen surveys of alligator weed in South America
(Barreto et al. 1998; Barreto et al. 2000), although there has been a recent
report of Uredo pacensis from A. philoxeroides in Bolivia (Sosa, Telsnicki &
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Cardo 2008).

Albugo bliti, a common biotroph of many species within the

Amaranthaceae, has been recorded on other Alternanthera species in Australia
(Australian Plant Pest Database) and alligator weed in South America with
limited impact on the plant (Traversa et al. 2008). However it is not a candidate
for classical biocontrol as it has a wide host range within the Amaranthaceae
and, while occurring in Australia, has not been observed on alligator weed.
Plant pathogenic viruses are rarely considered as potential candidates
for classical biocontrol. A virus was reported from alligator weed in the USA
(Hill & Zettler 1973) but no vector was identified and the disease has not been
recorded since. Investigations did not continue due to the perceived success of
the introduced insects (Phillips 1993).

A potexvirus was discovered on the

closely related weed A. pungens in Queensland (Geering & Thomas, 1999)
however no development was undertaken to evaluate the pathogen on alligator
weed as well as the original host as it did not meet the “classical” requirement
since it was shown to have a broad host range (Geering & Thomas 1999;
Baker, Breman & Jones 2006; Hammond, Reinsel & Maroon-Lango 2006; A
Geering, pers. comm. 2006).
Surveys are continuing in South America when opportunities arise and
possibly, in the absence of suitable biotrophs, necrotrophic fungi found causing
severe epidemics in home range surveys may be evaluated for future
introduction (Traversa 2008).

Current Australian quarantine laws however

would make such an introduction very difficult to accomplish due to associated
risks to the environment and economy. Even if the species is already present in
Australia, the introduction and incorporation of new genomic material could
have catastrophic effects on host range and pathogenicity.

An approach

requiring minimal risk to Australian biodiversity would be the development of
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fungal pathogens already present and causing disease on alligator weed in
Australia for use as an inundative biocontrol agent.

1.7 Bioherbicides
Inundative biological control using a bioherbicide is the second method
employed as an alternative to classical biological control (Charudattan 1991;
Yandoc-Ables, Rosskopf & Charudattan 2007). This method, first employed by
Daniel et al. (1973) with a fungus, involves manipulation to increase the
numbers of an insect or propagules of a fungus or bacteria already occurring in
the area and timed in order to increase the effectiveness of the damage to the
host (Pieterse 1990). More than 200 plant pathogens including soilborne and
foliar fungi and bacteria, viruses and deleterious rhizobacteria have been
evaluated as bioherbicides (Yandoc-Ables, Rosskopf & Charudattan 2007). An
obvious advantage of this method is the minimal threat to native and economic
biota as the organism is already present in the ecosystem. Although often seen
as environmentally safer, the technique is not necessarily limited to the use of
endemic pathogens (Charudattan 1991).

1.8 Mycoherbicides
Utilising necrotrophic fungi, the technique can be used to increase the
propagules of the pathogen and apply them to the host in much the same
manner as a herbicide thus causing disease and death or minimising
competition. The formulation of propagules and the technique is often referred
to as a microbial herbicide (Charudattan 1990) or in the case of a fungus, a
mycoherbicide (myco = fungus).
Mycoherbicide research has a relatively short history (McRae & Auld
2000). Templeton (1982a) listed more than 71 fungi being studied as candidate
agents for this technique and already 15 products have been registered for a
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range of weed targets although only eight were still available in 2005 (Barton
2005).

Prior to 1970 virtually no research had been carried out with plant

pathogens as biological control agents of aquatic weeds. Zettler & Freeman
(1972) and Freeman (1977) have reviewed the early work and by 1990
hundreds of microorganisms had been evaluated (Joye 1990).

The

mycoherbicide approach to alligator weed control is perceived as a “softer”
option to chemicals and would integrate with current control measures to
manage any core infestation. This host/pathogen system has a greater chance
of success because the aquatic and damp terrestrial habitat of alligator weed is
better suited to disease establishment and progression compared to the more
arid terrestrial habitats which lower the success rates for mycoherbicides (eg.
Bathurst burr (Auld & Morin 1995; Chittick & Auld 2002)). Further, since the
alligator weed populations in Australia are thought to originate from a single
introduction and have a high genetic similarity (Sosa et al. 2008) preserved
through clonal replication (Barrett 1982), all populations should be equally
susceptible to any pathogen strain developed.
It is clear from the above sections that alligator weed is a serious weed in
agriculture, waterways and the environment. Since the spread of this weed
from South America a great deal of effort has been invested in attempts to
eradicate or at least limit its spread in countries where it has established. This
is true of the situation in Australia where its potential geographic range has not
yet been realised (Julien, Skarratt & Maywald 1995).

Despite concentrated

efforts using herbicides, insect biocontrol, mechanical removal and legislation,
new infestations are being established far from the intractable populations of
greater Newcastle and Sydney basin areas of New South Wales.
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Templeton (1982b) defined three major phases in the foundation of a
bioherbicide viz discovery; development and deployment. This thesis deals with
the first two phases as major gaps have been identified in the knowledge of
alligator weed pathogens in Australia. In addition, the host/pathogen system of
selected potential fungi and alligator weed needs to be investigated before any
mycoherbicide approach to alligator weed control can proceed in Australia.

1.9 Aim
Accordingly the overall aim of this research is to:- Investigate the
pathogens present on alligator weed in Australia for the purpose of identifying a
subset of isolates that are potentially suitable for development as a
mycoherbicide for integrated control of alligator weed in Australia.

Several

specific research questions flow from this:
1. What pathogens are found on alligator weed in Australia?
2. Are the Nimbya strains already known to be present on alligator weed
in Australia (Gilbert, Auld & Hennecke 2005) representatives of one or more
undescribed species?
The mycoherbicide method of biological control of alligator weed is an
attractive alternative to the use of synthetic herbicides due to environmental
advantages, especially in the urban environment and around potable water
supplies. Some advances have been made in USA, South America and China
on identification of naturalised or endemic pathogens as potential candidates for
a mycoherbicide. In Australia, however, no research to determine the endemic
and naturalised pathogens of alligator weed have been conducted other than a
preliminary survey in the lead up to the present study which is detailed in
chapter two.
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Nimbya alternantherae (Holcomb & Antonopoulos) Simmons & Alcorn
has been identified as a potential candidate for a mycoherbicide of alligator
weed in China (Xiang, Liu & Zeng 1998), Brazil (Barreto & Torres 1999) and
USA (Pomella, Barreto & Charudattan 2007). The species of Nimbya found on
alligator weed in the preliminary Australian survey, however, appear to belong
to species other than N. alternantherae (EG Simmons, pers. comm. 2003;
Gilbert, Auld & Hennecke 2005), so their taxonomy and potential utility need to
be investigated. Pathogenicity of the Nimbya isolates and a Fusarium species
found in the survey is tested on alligator weed in chapter three. There is a
need for a detailed systematics study of the Nimbya species found on alligator
weed and other taxa of Amaranthaceae to clarify relationships among species
and their relative pathogenicity to alligator weed.

Detailed morphological

studies of the asexual stage (anamorph) of Nimbya are undertaken in chapter
four.

The sexual stage (teleomorph) of Nimbya is Macrospora Fuckel.

(Simmons 1989) but is only known for relatively few species of Nimbya and then
only from those of monocotyledonous hosts (Zhao & Zhang 2005). Chapter
five details the attempts made to produce a teleomorph of the Nimbya isolates
from amaranthaceous hosts and determine the taxonomic status of the taxa
from the dicotyledonous hosts. The modern utilisation of DNA sequence data
has revolutionised fungal taxonomy and is employed here in chapter six as an
independent assessment of the morphological investigations in earlier chapters
and uncover any pattern at the sub-specific or population level.

Finally, in

chapter seven a discussion of the findings of the earlier chapters is made
along with suggestions for the direction of further research.
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Chapter Two:

Survey for pathogens of alligator weed
and related hosts in Australia
2.1 Introduction
The purpose of this survey was to identify causal agents of the diseases
of alligator weed encountered in Australia. Pathogens found on alligator weed
may have either arrived with the plant from South America or be the product of
a new encounter with native or naturalised pathogens.

In either case, any

pathogens found can now be considered naturalised in Australia.

The

bioherbicide approach to weed control usually exploits the use of endemic
pathogens found in the exotic range of the weed as the danger to non-target
species is reduced as is the quarantine restrictions usually associated with
importation of exotic pathogens (Leonard 1982; Auld 1990). It is also possible
that the new encounters may be more damaging to the weed host than
pathogens that have coevolved with the plant (Hokkanen 1985).
Comprehensive surveys for bioherbicide candidates (eg Barreto & Evans
1995; Seixas, Barreto & Killgore 2007) are commonly published in the literature
and surveys for biological control of alligator weed started as early as 1960
when G.B. Vogt searched for insect biocontrol agents in South America
(Coulson 1977). No previous systematic survey of diseases of alligator weed
has been undertaken in Australia.
An essential prerequisite for the Australian survey of potential
mycoherbicide agents on alligator weed is knowledge of what pathogens have
already been discovered.

A small number of surveys looking for plant

pathogens of alligator weed have taken place in South America (Barreto et al.
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2000; Traversa et al. 2008) and presumably also in China since several
pathogens have been recorded in the literature (Cao, Wen & Lu 1990; Xiang,
Liu & Zeng 1998; Tan, Li & Qing 2002; Zhang, Wang & Zhang 2002; Zhuang et
al. 2008). As several economically important vegetable and herbs are included
within the Amaranthaceae (Shanker et al. 1991; Blodgett & Swart 1998;
Rajyalakshmi et al. 2001) plant pathologists have shown interest in diseases
and their causal agents in areas where they are grown.

Species-specific

pathogens are a rarity and thus a review of pathogens found at the genus and
family

level

are

required.

The

plant

families

Amaranthaceae

and

Chenopodiaceae both have members that share common features such as C3C4 photosynthesis and anomalous secondary thickening of xylem (Borsch,
Clemants & Mosyakin 2001) and there have been calls for the combination of
both families (Angiosperm Phylogeny Group 1998) also supported by later
phylogenetic analysis (Cuenoud et al. 2002; Kadereit et al. 2003). Although
certain pathogens could exploit this close genetic relationship, for the purposes
of this survey, only putative pathogens within the Amaranthaceae will be
studied. Records from the available literature are given below.

2.1.1. Pathogens of Amaranthaceae
2.1.1.a Pathogens of Alternanthera philoxeroides
Diseases of weeds such as alligator weed and their associated
pathogens are often less known than those on commercial food plants, although
relatively recent interest in biological control has stimulated research. Alternaria
alternantherae Holcomb & Antonopoulos, later reassigned as Nimbya
alternantherae (Holcomb & Antonopoulos) Simmons & Alcorn (Simmons 1995),
was described from alligator weed in the south eastern United States (Holcomb
& Antonopoulos 1976). The fungus has since been recorded from China (Cao,
Wen & Lu 1990; Xiang, Liu & Zeng 1998), Brazil (Barreto & Torres 1999) and
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New Zealand (Waipara, Bourdot & Hurrell 2006). Interest in biological control of
this weed in China has lead to the description of other leaf spot diseases on
alligator weed such as that caused by Ramularia alternantherae Zhang & Wang
(Zhang, Wang & Zhang 2002), and an undetermined Fusarium sp. (Tan, Li &
Qing 2002).

A pathogen of banana, Fusarium stoveri, transferred to

Microdochium stoveri (Samuels & Hallett 1983) is being trialled as a
bioherbicide of alligator weed in China (Zhuang et al. 2008). Interest in India
also has uncovered Rhizoctonia solani Kuhn (Singh & Devi 1990) in association
with leaves and an Alternaria sp. (Aneja & Srinivas 1992) causing leaf spots on
alligator weed. Barreto & Torres (1999) found only two pathogens during their
survey of alligator weed diseases covering four Brazilian states. The first was
the leaf and stem pathogen Nimbya alternantherae mentioned above and the
second, a leaf spot caused by Cercospora alternantherae Ellis & Langlois, first
described from leaves of Alternanthera pungens Kunth (syn. A. achyrantha
R.Br. ex Sweet) in 1890 (Ellis & Langlois 1890).

Barreto & Torres (1999)

suggested the possible use of N. alternantherae as an inundative biocontrol
agent for alligator weed control whereas further observations on the effect of C.
alternantherae at higher altitudes has prompted Barreto et al. (2000) to suggest
the possible use of this fungus as a classical biocontrol agent. Traversa et al.
(2008) surveyed alligator weed in Argentina and reported up to 12 fungal
species including Colletotrichum orbiculare, C. capsici, Fusarium sp., Phoma
sp., Phomopsis sp. and Albugo bliti from diseased tissue. From the USA, a
possible closterovirus (AWSV) causing severe stunting of alligator weed was
discovered (Hill & Zettler 1973) and another Nimbya species, N. perpunctulata
Simmons, was described from similar symptoms and the same locality where N.
alternantherae was first isolated (Simmons 2004).
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A preliminary survey of

alligator weed in New South Wales Australia found possibly more Nimbya
species causing disease on leaves and stems (Gilbert, Auld & Hennecke 2005).
Geering & Thomas (1999) described a potexvirus (AltMV) from A.
pungens in Australia. The virus was shown to have a broad host range and
although it was not tested on alligator weed it was assumed to be a host and
was considered for a short time as a possible biocontrol agent for the weed (A
Geering, pers. comm. 2006). The root-knot nematode Meloidogyne incognita
(Kofoid & White) Chitwood has been reported to occur widely on alligator weed
roots in south China (Mao, Lu & Ding 2011). No natural infections of Sclerotinia
sclerotiorum have been reported on alligator weed although artificial inoculation
did lead to some necrosis (Waipara, Bourdot & Hurrell 2006).

2.1.1.b Pathogens of Alternanthera sessilis
Diseases of Alternanthera sessilis (L.) R.Br. ex DC., a close relative of
alligator weed, have been investigated due to the economic importance of the
plant as a food and ornamental and also its inherent weediness. In India where
A. sessilis is used as a food and ornamental, Sarbajna (1989) describes
Alternaria alternata (Nees. ex Wallr.) associated with living leaves as a new
host record. Mahmood (1990) on the other hand, has described a vascular wilt
of one to two month-old garden plants and proven the pathogenicity of the
Fusarium oxysporum Schlecht. isolated from the diseased tissue. Also in India,
A. sessilis as a weed of rice fields has been shown to harbour the rice root knot
nematode Meloidogyne graminicola Golden & Birchfield (Khan, Ghosh &
Bhattacharya 2004) and in Nigeria where A. sessilis is also a weed of irrigated
rice and farmland, Oladrian & Gana (1991) described a leaf spot caused by
Fusarium pallidoroseum (syn. F. semitectum). They demonstrated the potential
of this pathogen to carry disease to crops in which A. sessilis was a weed
including other amaranthaceous plants such as Celosia and Amaranthus. The
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pathogen was shown to destroy undamaged carrot taproots within four days.
Nimbya alternantherae has also been found causing disease on A. sessilis in
China (Xiang, Liu & Zeng 1998) and Australia (Simmons 1995).

Nimbya

pimpriana (VG Rao) Simmons originally isolated from Celosia cristata, has also
been recorded from A. sessilis (Das & Chattopadhyay 1991) indicating that at
least some Nimbya species are not necessarily host specific.
Mukunuwanna (A. sessilis) is a popular vegetable in Sri Lanka where
Kudagamage (1998) has listed 13 fungi, one bacterium and five viral pathogens
causing disease on this plant (Table 2.1). It is interesting that Nimbya sp. are
not on this list unless recorded under leaf spots caused by Alternaria spp.

Fungal
Disease
Leaf spot
Leaf spot
Red spot
Leaf blight
Anthracnose
Damping off

Root and
Stem rot
Alternaria rot
(Black spot)
White rust

Incitant

Bacterial
Disease

Alternaria spp
Cercospora spp
Cercospora spp
Colletotrichum orbicularae
Colletrotrichum spp
Pythium spp.
Rhizoctonia solani
Macrophomina phaseolina
Fusarium solani
Peronospora spp.
Fusarium spp

Wilt

Incitant
Pseudomonas
solanacearum

Virus
Cucumber mosaic virus
Tomato spotted wilt virus
Tomato mosaic virus
Potato virus -Y
Curly top virus

Alternaria alternata
Albugo spp

Table 2.1. Disease of Mukunuwanna in Sri Lanka. After Kudagamage 1998.

2.1.1.c Pathogens of Alternanthera pungens
Khaki weed (Alternanthera pungens Kunth) is a troublesome weed from
South America now naturalised in many parts of the world including Australia.
The plant is remarkably free of disease with only two reports of leaf spot
disease, the first in 1890 caused by Cercospora alternantherae Ellis & Langlois,
later found on A. philoxeroides in Brazil (Barreto & Torres 1999) and the second
attributable to an undetermined Fusarium sp. in India (Aneja & Srinivas 1992).
A potexvirus, Alternanthera Mosaic Virus (AltMV) from Australia (Geering &
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Thomas 1999) with a wide host range and later reported on other plant families
from Italy and the USA (Baker, Breman & Jones 2006; Hammond, Reinsel &
Maroon-Lango 2006), is the only other published malaise of this vigorous plant.

2.1.1.d Pathogens of other Alternanthera spp.
Some diseases caused mainly by soil-borne fungi have been recorded
on ornamental Alternanthera species.

A sclerotial wilt caused by the

omnivorous Sclerotium rolfsii Sacc. has been described from Alternanthera
ficoidea (L.) Palisot de Beauvois (syn. A. amoena (Lem.) Voss) in Singapore
(Lim 1968) and a collar rot and stem blight caused also by S. rolfsii was found
on an unnamed ornamental Alternanthera from India (Roy 1982). The only
records on Amaranthaceae of the common root rot pathogen Rhizoctonia solani
Kuhn have come from this host genus and then only rarely. Rhizoctonia root rot
has been recorded from A. ficoidea (Takeuchi, Horie & Aramaki 1996) and,
along with a Pythium/Phytophthora root rot, from specimens of ornamental
Alternanthera spp. submitted for laboratory diagnosis in Canada (Joshi 2000).
The foliar pathogens Mycosphaerella sp. and Guignardia alternantherae were
also recorded from A. ficoidea in Rangoon, Burma (Thaung 2008). A leaf spot
and blight of an ornamental Alternanthera sp. due to the fungal pathogen
Phyllosticta sp., said to be similar to P. amaranthi Ellis & Kellerm. from
Amaranthus retroflexus L., was recorded from, and presumably is still a problem
in, USA glasshouses (Halsted 1892).
A search for biotrophic rusts from Alternanthera spp. on the Fungus-Host
Database of the US National Fungus Collection (Farr et al. n.d.) returned ten
species infecting a wide range of Alternanthera spp. in Central and South
America (J.R. Hernandez, pers. comm. 2006).

Puccinia mogiphanis was

recorded from many Alternanthera species in the database and has also been
recorded from Africa (Hernandez, Eboh & Rossman 1995).
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A successful

pathogen would have to be host specific to A. philoxeroides so as not to
damage native Alternanthera spp. for importation as a classical biocontrol agent
in Australia. From the list, only Uredo pacensis, also recently re-discovered by
Sosa, Telsnicki & Cardo (2008) could possibly fit the criteria.

2.1.1.e Pathogens of Gomphrena spp.
The genus Gomphrena is treated next as Alternanthera and Gomphrena
are both members of the sub-family Gomphrenioidea and thus more closely
related to each other than to other genera in the family. Nimbya gomphrenae
(Togashi) Simmons (syn. Alternaria gomphrenae Togashi) was first described
causing leaf spots on Gomphrena globosa L. from Japan. It has since been
reported on the same host from China (Chou & Wu 2000) where seed borne
transmission has been demonstrated (Wu et al. 2001). Another leaf and stem
spot pathogen was found on Gomphrena decumbens Jacq. in India and
described as Colletotrichum gomphrenae Rao & Salam (Rao & Salam 1960)
and later recorded by Srivastava (1969) on G. celosioides Mart. a world-wide
weed from South America.

Srivastava (1969) also described the fungus

coincidentally with the same specific epithet apparently unaware of the earlier
publication. Phomopsis gomphrenae has been collected and described from G.
globosa in China (Li et al. 2004) while Braun, Delhey & Kiehr (2001) describe
Pseudocercospora gomphrenae-pulchellae from Gomphrena pulchella in
Argentina and refer to other taxa Cercospora gomphrenae from Gomphrena
and C. pfaffiae from Pfaffia spp. (Amaranthaceae) in Brazil. Pseudocercospora
gomphrenae was re-described after Sawada’s invalid publication from G.
globosa in Taiwan (Goh & Hsieh 1989). Although no reports of natural infection
were found, Gomphrena globosa has often been used as an indicator plant for
plant virus research eg stem mottle and bright yellow mosaic of tomato (Vlasov,
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Teploukhova & Besedina 1978) and tobacco mosaic virus of tulips (Puntnaergle
1976).

2.1.1.f Pathogens of Celosia spp.
Nimbya celosiae Simmons & Holcomb (syn. Alternaria celosiae)
described from Celosia in the USA (Simmons 1995) has been found on Celosia
in China (Zhao, Zhang & Deng 2002) and also on Amaranthus sp. (Zhang et al.
1999).

Nimbya pimpriana has also been described from Celosia (Simmons

1995).
Abe (1928) described Fusarium celosiae as a new fungal pathogen on
Celosia in Japan and Matuo (1975) created a new combination of Abe’s species
as F. lateritium f. sp. celosiae. A serious collar rot of Celosia plants in parks
and gardens of Sydney Australia was shown to be caused by Fusarium
lateritium and traced back to seed imported from Japan (Trimboli 1972). The
disease and pathogen were also recorded from Nigeria where Celosia is used
as a food crop (Afanide, Mabadeje & Naqvi 1976). In addition to the published
reports of Nimbya and Fusarium, a reference to Corynespora cassiicola (Berk.
& Curt.) Wei on leaves of Celosia argentea L. has been reported from India
(Sarbajna 1989) and Cochliobolus lunatus from the same host in Burma
(Thaung 2008).

2.1.1.g Pathogens of Amaranthus spp.
Interest in diseases of the African food crops Amaranthus hybridus L.
and A. cruentus L. has generated reports of Alternaria tenuissima (Kunze)
Wiltshire causing leaf spots (Blodgett, Swart & Chen 1999; Blodgett et al. 2000;
Blodgett & Swart 2002) and Fusarium oxysporum, F. sambucinum and F.
subglutinans all associated with wilt, stem and root rot of A. hybridus (Blodgett
& Swart 1998; Chen & Swart 2000; Blodgett, Swart & Louw 2004). As the
above three Fusarium species were capable of producing field disease
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symptoms only from damaged tissue, the pigweed weevil (Hypolixus haerens,
Coleoptera: Curculionidae) has been implicated as the vector and/or initiator of
damage for these quiescent endophytes (Blodgett, Swart & Louw 2004). The
same study also found in addition to some common fungal saprophytes,
Fusarium proliferatum, F. culmorum, F. solani, Phomopsis sp. and Phoma sp.
associated with larval galleries of the insect or stem cankers with the latter three
species also tested for pathogenicity and found to be endophytic or latent
pathogens (Blodgett, Swart & Louw 2004).

Amaranthus cruentus has been

reported to succumb to Chaenophora blight (Chaenophora cucurbitarum) and
Alternaria leaf spot (Alternaria amaranthi) in Tanzania (Teri & Mlasani 1994).
Breeding lines in A. cruentus hybrid trials in the USA were susceptible to
charcoal rot (Macrophomina phaseolina) and Pythium stem canker (Pythium
aphanidermatum) (Mihail & Champaco 1993). Pythium aphanidermatum has
also been reported causing stem canker of A. caudatus in Argentina (Noelting &
Sandoval 2007).
Around 53 of the 60 species of Amaranthus are viewed as weeds of
cultivation and disturbed areas (Rosskopf et al. 2000a). Harveson and Rush
(1997) were interested in the pathogenicity of Fusarium oxysporum to
Amaranthus retroflexus L. with the build-up of inoculum and spread to the sugar
beet crop (Chenopodiaceae) in which it was growing. Phyllosticta amaranthi
was first described on A. retroflexus and as described above, a close relative or
the same fungus was later found on an Alternanthera species in USA
glasshouses.

Shivas et al. (1996) recovered Cercospora brachiata Ellis &

Everh. from leaf spots of Amaranthus sp. in Irian Jaya. This fungus was first
described from South America on Amaranthus retroflexus in 1888.
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A new species, Phomopsis amaranthicola Rosskopf, Charudattan,
Shabana & Benny was described from an Amaranthus sp. (Rosskopf et al.
2000b) although there appears to have been some debate over the correct
name (Inacio, Dianese & Carlos 1999). The pathogen was shown to cause
disease on 22 species of Amaranthus tested (Rosskopf et al. 2000a) and, with
proven specificity to the genus, is being evaluated as a mycoherbicide for
control of several weedy Amaranthus species (Rosskopf, Yandoc &
Charudattan 2006). Aposphaeria amaranthi isolated from Amaranthus sp. was
evaluated as a potential mycoherbicide (Mintz, Heiny & Weidemann 1992) and
transferred to the genus Microsphaeropsis as M. amaranthi (Heiny, Mintz &
Weidemann

1992).

Oritz-Ribbing

&

Williams

(2006)

demonstrated

pathogenicity of M. amaranthi to eight weedy species of Amaranthus.

A

mention of Phoma amaranthi and Phoma amaranthicola as listed by Saccardo
in the late 1800s on Amaranthus spp. was made by Heiny, Mintz & Weidemann
(1992). Nimbya celosiae Simmons & Holcomb was first described on Celosia
but exhibits some cross genera pathogenicity as it has been reported causing
disease on an Amaranthus species in China (Zhang et al. 1999).

2.1.1.h Pathogens of other Amaranthaceae
Very few other published reports of pathogens on members of the
Amaranthaceae are available in the literature.

Zhang et al. (1999) have

described a new pathogen, Alternaria achyranthis Zhang & Zhang causing
circular leaf spots on Achyranthes bidentata Shaanxi, and Nimbya crassoides
has been recorded from Froelichia floridana in the USA (Simmons 1995).
Albugo bliti has a wide host range within the Amaranthaceae and has been
recorded from Achyranthes, Alternanthera and Amaranthus in China (Zhang,
Wang & Liu 1986).

The same paper also reports Albugo achyranthis from

China on Achyranthes spp..
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As described earlier in the Gomphrena section, members of this family
have been utilised for virus testing. Cucumber mosaic virus has been found to
spontaneously infect Celosia plants growing in susceptible banana plantations
and can infect other members of Amaranthaceae and Chenopodiaceae in tests
(Mali & Rajegore 1980). Yellow mosaic virus from blackberry is pathogenic to
some members of Amaranthaceae and Chenopodiaceae (Englebrecht 1976)
and yellow mottle virus from tomato is transmissible to the same two families
(Verma & Kumar 1982).
An electronic database available on the internet (Cybertruffle’s Robigalia
n.d.) generally listed and referenced more taxa on amaranthaceous hosts than
discussed above (eg Alternanthera 16 taxa; Amaranthus 41 taxa) however not
necessarily inclusive of the above taxa and on closer inspection some of those
listed were duplications under different names. Many of the records cited were
from obscure and hard to obtain references thus checks were not made. In
most cases, there was a similar representation of fungal genera and access of
the references will be attempted if during the survey the same genus is
encountered.

2.1.2 Australian Herbarium Records
Evans (1995) summarized the mycobiota of a range of weeds in their
native and exotic ranges and found relatively few species in common. This
highlights the apparent inability of many pathogens to travel with their host to
the new exotic location and the adaption of many necrophytic fungal pathogens
to a “new encounter” with the weed.
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Aecidium deeringiae
Aecidium sp.
Albugo bliti = Wilsoniana bliti
Albugo sp. = Wilsoniana sp.
Alternaria longissima
Alternaria sp.
Aposphaeria amaranthi
Bipolaris indica
Cercospora brachiata
Cercospora celosiae
Cercospora sp.
Cladosporium sp.
Cochliobolus sp.
Cochliobolus tuberculatus
Colletotrichum coccodes
Colletotrichum gloeosporioides
Colletotrichum sp.
Lettuce necrotic yellows virus
Elsinoe sp.
Fusarium oxysporum
Macrophomina phaseolina
Meloidogyne incognita
Meloidogyne sp.
Nimbya alternantherae
Nimbya gomphrenae
Nimbya sp.
Physarum cinereum
Physarum sp.
Alternanthera mosaic virus
Pseudocercospora sp.
Pseudomonas solanacearum
Pythium sp.
Ramularia sp.
Rhizoctonia solani
Rosellinia necatrix
Sclerotinia minor
Undet. sp.
Uromyces deeringiae
Uromyces sp.
Verticillium dahliae
Verticillium nigrescens

NINE species

pentandra

arborescens
and
amaranthoides

aspera

SIX species

argentea and
cristata

celosioides

globosa

sp.

nodiflora

Gomphrena Celosia Ptilotus Achryanthes Deeringia Hemichroa Amaranthus

nana

repens = pungens

denticulata

sessilis

philoxeroides

Alternanthera

QLD
SA,TAS
NSW,QLD,WA

SA

QLD

VIC

WA

NSW,QLD

NT.WA
NSW
VIC

QLD

NSW,QLD
NSW,QLD
QLD
NSW,QLD

QLD,WA
QLD,NT

NSW,WA

WA

QLD
QLD
QLD
NSW
NSW
QLD

QLD

WA

QLD

NT
QLD

NSW
NSW

QLD
QLD
NSW
NT
QLD

QLD
QLD
QLD
NSW
NSW
QLD
NSW

QLD
NT
NSW,NT
NSW
VIC
QLD
TAS

VIC
QLD
SA
NSW

NSW

NSW
NSW

Table 2.2 Plant pathogens from Amaranthaceae recorded in Australian Plant Pest Database.
(Accessed online 10 March 2010).

The Australian Plant Pest Database (APPD) maintained by Plant Health
Australia holds data of plant pathogen accessions lodged at government state
and territory plant pathology herbaria throughout Australia. A search of the
database returned only three pathogen records from alligator weed in Australia
apart from those provided by the preliminary survey (Table 2.2). A total of
eleven pathogens have been recorded from six Alternanthera species
throughout Australia some of which are extra to the published records
discussed above.

A further seven Amaranthaceae host genera were

represented in the database with most accessions attributable to the genus
Amaranthus.

The biotroph white blister rust, Albugo sp. and Albugo bliti

(Albugo = Wilsoniana) were the most collected being recorded from four genera
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within Amaranthaceae and from three species within the genus Alternanthera.
The biotrophic rusts Uromyces and Aecidium identified only to genus were
collected infrequently from Amaranthus and Hemichroa as was Uromyces
deeringiae and Aecidium deeringiae (possibly the same taxa) from Deeringia.
Most records are necrotrophic fungi although two viruses, one bacterium and
one or two nematodes are also listed (Table 2.2).
records

reflect

rather

casual

disease

Although the herbarium

observations

in

Australia

on

Amaranthaceae over many years, the list does give an indication of the array of
pathogens that may be encountered during the survey.
As previously mentioned, Nimbya alternantherae has been suggested as
a potential candidate for inundative biocontrol (mycoherbicide) of alligator weed
(Barreto & Torres 1999).

The pathogen, although previously recorded in

Queensland from Alternanthera sessilis (Simmons 1995) and A. denticulata
(APPD), had not been recorded from alligator weed or any other host in New
South Wales. Similar disease symptoms had been observed on alligator weed
in the Sydney area for many years (M Julien, pers. comm. 2003) but apparently
no specimens were collected or isolations made from diseased material. The
preliminary survey of alligator weed in New South Wales identified typical red
leaf and stem spot lesions characteristic of N. alternantherae from which a
number of Nimbya morphological types were isolated (Gilbert, Auld & Hennecke
2005).
Apart from the preliminary survey and the few herbarium records, there is
currently no knowledge of the fungal flora associated with and causing disease
on Alternanthera philoxeroides and associated Alternanthera species in
Australia. The disease survey of Australian alligator weed populations will close
this gap and contribute essential information needed not only for mycoherbicide
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development but for the natural history, biogeography and ecology of the
Australian micro-organisms studied. Thus armed with the knowledge of what
has been found on A. philoxeroides and other species in the family, a detailed
survey for putative pathogens of alligator weed in Australia was undertaken.

2.2 Methods
2.2.1 Site Selection
Alligator weed survey sites were identified through cooperation from
weed practitioners and council weeds officers in areas known to contain the
weed (see acknowledgements section). Selection of the aquatic and terrestrial
sites was made on the basis of one or more of the following; accessibility, site
disturbance, weed population size, and geographic location. Thirty-two sites
were sampled within the core infestation area of NSW from 33°59’7.0” S to
32°28’13.3” S (Table 2.3; Figure 2.1) with most bei ng revisited two to three and
some up to seven times during the survey in order to capture possible disease
shifts due to host phenology and season. Alligator weed outside of the core
infestation was also surveyed for disease at a further nine sites within NSW
(Table 2.3; Figure 2.1).
A survey of other amaranthaceous hosts was generated on an ad hoc
basis. Alternanthera denticulata samples were taken where observed at or near
alligator weed sites or at a distance (eg Orange NSW, Brisbane Queensland
and Kakadu Northern Territory) (Table 2.3; Figure 2.1). Gomphrena celosioides
was also sampled near alligator weed and from a further eight sites in Qld,
NSW and NT (Table 2.3; Figure 2.1). Alternanthera sessilis plants originally
from a garden in Brisbane (R Chan, pers. comm. 2006) were sampled from a
CSIRO Entomology glasshouse at Indooroopilly Qld. and Alternanthera ficoidea
was sampled on two occasions from Cairns Qld. (Table 2.3: Figure 2.1).
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Although inspected wherever encountered throughout the survey,
disease symptoms on Alternanthera pungens were only observed on one
occasion and thus sampled once (site AW63). Two species of Amaranthus
were also sampled in tropical Cairns Queensland.
Samples were taken from diseased tissue of five other plant species
when encountered growing in close proximity to alligator weed. This presented
an opportunity to investigate the host specificity of fungi found on alligator weed
at these sites under natural conditions. Leaf lesions were sampled from Water
Primrose (Ludwigia peploides (Kunth) Raven ssp. montevidensis (Spreng.)
Shinners; Onagraceae) at four sites, Dock (Rumex crispus L.; Polygonaceae) at
two sites and one each from a Rush (Juncus sp. L.; Juncaceae), Smartweed
(Persicaria decipiens (R. Br.) K.L. Wilson; Polygonaceae) and Crofton Weed
(Ageratina adenophora (Spreng.) R.M. King & H. Rob.; Asteraceae) (Table 2.3).

2.2.2 Sampling Procedure
Permission to transport and grow A. philoxeroides in NSW was obtained
from the relevant authority (Permit number 05/03, supplied by NSW DPI under
the Noxious Weeds Act 1993, Permit-Section 34). The survey focused primarily
on above ground disease symptoms with below ground host tissue only
sampled when accessed or if wilting symptoms were observed. Root tissue
was not sampled due to difficulty of access and the lack of symptoms when
observed. Samples were placed in plastic bags and refrigerated at 5-10°C for
return to the plant pathology laboratory at Orange NSW.
Disease

symptoms

were

described

and

photographed

and

a

representative lesion was surface disinfested by placement in 70% ethyl alcohol
for ten seconds followed by transfer to a 1% solution of sodium hypochlorite for
a further one minute. The sodium hypochlorite solution was then removed by
two washes in sterile distilled water and damped dry on sterile filter paper. The
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host tissue was then trimmed to remove any remaining sterilant and four or five
small dissected pieces from the lesion margin transferred to a 9cm quarterstrength-potato-dextrose-agar (QPDA) (Oxoid™) plate. Plates were inverted
and incubated for two to five days in the laboratory at 18-22°C before
subcultures to fresh QPDA plates were made from fungal hyphae growing onto
the agar from the host tissue. Subcultures were incubated in the laboratory by
a window with diffused daylight and regularly inspected for purity and production
of identifiable taxonomic characters.

2.2.3 Sample Identification
Sample identification numbers will be used throughout this thesis and
therefore some explanation is required. eg AW1A/1/1
Site:- Sample sites were identified by a number from 1 to 65 and
prefixed by “AW” representing the alligator weed survey. Three extra sites in
the Northern Territory were sampled during an unconnected survey of another
host also completed by myself and are prefixed by the letters “EC”.
eg AW1 (= site one of the alligator weed survey)
Sample time:- If the site was sampled more than once, a letter
will follow the site number for subsequent samplings.
eg AW1A
Lesion number:- This number (or in some early cases a letter)
represents the identification of a number of disease symptoms or tissue pieces
sampled at each site.

Lesion number always follows site number and is

separated from the site number by a forward slash.
eg AW1A/1
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Isolate number:- The last number represents the individual
subculture taken from the disease sample and is also separated by a forward
slash.
eg AW1A/1/1

2.2.4 Taxonomic Identification
Isolates that produced taxonomic characters on the QPDA subculture
plate were identified in situ. Fusarium spp. were subcultured to Carnation Leaf
Agar (CLA) and full-strength-potato-dextrose-agar (PDA) (Oxoid™) media for
identification as outlined in Leslie & Summerell (2006). Similarly Phoma spp.
were transferred to Oat Agar (OA) and Malt Agar (MA) media (Boerema et al.
2004), pythiaceous isolates to Cornmeal Agar (CMA) and the water flooding
technique for sporangia development (Platts-Niterink van der 1981) and
Alternaria and Nimbya to V8 juice agar (V8A) (Miller 1955) and potato carrot
agar (PCA) as used by Simmons (2007) (Appendix 1). Other isolates that did
not form any identifiable characters on the QPDA and diffused light were
transferred to other media and an incubator with a photoperiod and alternating
temperatures.
Identification to genus and species was attempted using standard
taxonomic texts and other published literature. Representative isolates of each
taxon were transferred to PDA slopes in 20mL McCartney bottles and stored at
4°C. Additionally the Nimbya isolates were lyophilized for prolonged storage.
Representative isolates and voucher specimens will be lodged in the Plant
Pathology Herbarium (DAR) and reported in subsequent publications.

2.3 Results
Disease symptoms on alligator weed were sampled from 41 sites in
NSW (Table 2.4).

The remnants of the alligator weed population in the
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Murrumbidgee Irrigation Area South-western NSW were apparently free of
disease symptoms (P Spence, pers. comm. 2003; A Berry, pers. comm. 2005)
as were the populations in and around Melbourne Victoria (L Gunasekera, pers.
comm. 2003 & 2006). No information on the disease status of an outbreak in
south-east Queensland was available and thus was not sampled.
Only sites where some level of disease was observed are included in the
results. It was extremely rare to inspect an alligator weed site in NSW where no
disease was observed however two sites on the Paterson River NSW were
observed to be free of any disease and thus were not included.

Disease

symptoms were rare at some sites (eg site AW26, the southernmost and
geographically isolated site at Woomargama NSW) however most contained a
low to medium incidence and a few (eg sites AW8, AW10, AW15 and AW32)
exhibited many leaf and stem lesions with chlorosis and abscission of affected
leaves. The number of taxa isolated per site increased with the number of
samples taken (Table 2.4).

Sampling encompassed all variation in disease

symptoms present at a site thus more symptoms equated to more taxa. One
notable exception was site AW15 (Table 2.4) where 22 samples revealed only
five taxa since varied spots on leaves and stems due to one taxon (Nimbya)
were repeatedly sampled in order to obtain pathogen variability. No epiphytotic
or large-scale natural disease epidemic causing population demise was
observed at any site.
Disease symptoms on alligator weed were varied and included small
1mm regular spots to large irregular lesions up to around 30mm diameter.
Colours ranged from dark brown to bone with red, violet and purple pigments
common with or without chlorosis. Examples are shown in Figure 2.2 where a
range of symptoms on alligator weed from one site (AW10) were photographed
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in preparation for sampling and isolation and further examples in Figures 2.3 to
2.9.

Figures 2.10 to 2.15 illustrate examples of symptoms and pathogens

isolated from A. ficoidea, A. sessilis, A. denticulata and G. celosioides.
Over 500 individual disease specimens were processed from the survey
over a four to five year period. The bulk of the symptoms sampled (383) were
from alligator weed with a further nineteen from A. denticulata, eight from A.
sessilis, eleven from A. pungens, twenty-five from A. ficoidea, 82 from G.
celosioides and eight from Amaranthus.
At least 82 identifiable taxa were found on alligator weed from 41 sample
sites (Table 2.4) where 54% of the taxa were uncommon and isolated from one
site only, 25% from 2 to 3 sites, 10% from 4 to 6 sites and 11% of the taxa were
considered common being isolated from 8 to 30 sites.

Although a smaller

number of lesions (142) were sampled from amaranthaceous hosts other than
alligator weed (Table 2.5), there were 55 recognized taxa isolated from seven
host species within three genera. Distribution of taxa per site was similar to
alligator weed with 64% of the taxa isolated from one site only, 20% from 2 to 3
sites, 11% from 4 to 6 sites but only 5% of common taxa from 8 to 12 sites
(Table 2.5). Twenty-five taxa were found to be in-common to both alligator
weed and the other Amaranthaceae sampled. A total of fourteen taxa were
isolated from the nine lesions on five non-related plant species growing near
alligator weed (Table 2.6). Of these, only eight taxa were also found on alligator
weed and five were in-common with other Amaranthaceae.

Both fungi

previously reported on alligator weed in NSW, Colletotrichum gloeosporioides
and Fusarium oxysporum (Australian Plant Pest Database n.d.) were again
isolated from alligator weed in the survey however F. oxysporum was shown to
be rare at least from above ground symptoms.
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The Colletotrichum had a higher incidence (15 out of 41 sites)
concentrated especially around the Sydney area where both fungi were
originally recorded (Table 2.4). Nimbya-associated symptoms were dominant at
most of the 30 sites where it was isolated and unlike the experience of Barreto
& Torres (1999), no Cercospora isolates were identified. Fusarium semitectum
and F. sambucinum have been previously reported from A. sessilis and
Amaranthus respectively but not previously from alligator weed.

The

description of an undetermined Fusarium species from alligator weed in China
(Tan, Li & Qing 2002) agrees with the F. lateritium cultures isolated from
alligator weed at eight sites in the survey and apart from possibly the Ramularia
sp. and Rhizoctonia sp., all other taxa in Table 2.4 are new records associated
with disease on A. philoxeroides. Likewise most of the taxa listed in association

Dock

Dock

Crofton Weed

Juncus sp.

Smartweed

Water Primrose

Water Primrose

Water Primrose

Water Primrose

with other amaranthaceous hosts (Table 2.5) are new records.

Total

4
Alternaria alternata GROUP +
Asteromella sp.
Botryosphaeria sp.
Chaetomium globosum
Coelomycete undet. sp.2
Colletotrichum orbiculare
Curvularia lunata
Dendryphiella infuscans
Epicoccum nigrum
Pestalosphaeria sp.
Pestalotiopsis sp.
Phoma herbarum
Ramularia sp.
Septoria sp.
SITE NO.

8
+

38

42

8
+

15
+

22
+

6

21

+
+
+
+
+

+
+
+
+
+

+

+
+
+
+

9
5
1
1
1
1
2
1
1
1
1
2
1
1
1

Table 2.6 Taxa associated with disease on other hosts growing near alligator weed.
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Many of the taxa from alligator weed listed in Table 2.4 are opportunistic
saprophytes (eg many of the Alternaria group; Aureobasidium pullulans;
Cladosporium

spp.) or

off-target

isolations

from

their

preferred

host

remembering that 64% of the taxa were recorded from one site only and some
of these only from one lesion. The more prevalent organisms and/or unusual
symptoms encountered are individually discussed below.

2.3.1 Albugo bliti
This white blister rust, Albugo bliti (Biv.) Kuntze (not related to true rusts)
and now transferred to the genus Wilsoniana as W. bliti (Biv.) Thines (Thines &
Spring 2005) was the only biotrophic microorganism recovered from any
Amaranthaceae in the survey and then only on one occasion each from
Alternanthera denticulata and Amaranthus lividis in Queensland. Although A.
bliti had been reported from alligator weed in Argentina (Traversa et al. 2008)
and collections have been made from A. denticulata and Amaranthus spp. in
NSW (Australian Plant Pest Database n.d.) it was not recovered from alligator
weed or any Amaranthaceae host during the survey in NSW. Furthermore no
true rusts or smuts were observed on alligator weed or any of the other hosts
during the survey.

2.3.2 Alternaria spp.
Various small-spored Alternaria isolates were recovered from alligator
weed at 24 sites and also from A. denticulata, A. ficoidea, G. celosioides and
most non-amaranthaceous hosts in the survey (Tables 2.4, 2.5 & 2.6). Isolation
was often in association with other saprophytic fungi such as Cladosporium and
Epicoccum from necrotic spots and leaf tips but sometimes also in pure culture
from small red or necrotic lesions (Figure 2.2). Isolates were characterised by
different conidia chain lengths and branching structure as well as absence or
presence of various crystal formation types in the agar.
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Alternaria amaranthi, the cause of a leaf spot of Amaranthus (Teri &
Mlasani 1994) is listed by Simmons (2007) as a synonym of A. tenuissima.
Simmons further states that the A. tenuissima species-group is the most often
encountered representative of the genus and is often misidentified as a member
of the A. alternata group. Both groups include a number of pathogenic and
saprophytic species all with morphologic differences evident to an experienced
Alternaria taxonomist. However the morphology was found to be problematic
and due to the number and range of isolates encountered, no identification
beyond genus was attempted.

2.3.3 Aphelenchoides fragariae
The foliar plant parasitic nematode, Aphelenchoides fragariae (Ritzema
Bos) Christie was consistently found on alligator weed at eight sites in the core
infestation area and also from two sites in far northern NSW (Table 2.4).
Distinctive lesions (Figure 2.9) with edges delineated by the leaf veins were
found at a low incidence throughout the growing season and over consecutive
years and appeared to have little impact on the plant. The host range of this
pathogen is extensive. Kohl (2008 and 2011) compiled a list of the reported
host range of A. fragariae from 238 genera in 92 plant families from ferns to
orchids including aquatic weeds such as Cabomba caroliniana Gray and
Hydrilla verticillata (L.) Royle and one record from Amaranthaceae on
Gomphrena globosa. The distribution of the nematode at only ten sites in the
survey suggests a new chance association of this pathogen with alligator weed
in Australia and is the first report of A. fragariae on this host. Although the root
infecting nematode Meloidogyne incognita was reported as widespread on
alligator weed in China (Mao, Lu & Ding 2011).and has been found on
Amaranthus species in NSW (Table 2.2), A. fragariae was the only nematode
found in the survey.
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2.3.4 Colletotrichum spp.
Colletotrichum gloeosporioides (Penz.) Sacc. was isolated from leaf and
stem lesions of alligator weed at fifteen sites in NSW (Table 2.4). The species
was also recovered from A. denticulata, A. pungens in NSW and A. ficoidea and
G. celosioides in Queensland although the teleomorph, Glomerella cingulata
(Stonem.) Spauld. & Schrenk., was only recovered from A. ficoidea (Table 2.5).
The largely saprophytic species Colletotrichum dematium (Pers. ex Fr.) Grove
was recovered from only four alligator weed sites but also from A. denticulata,
A. sessilis, Amaranthus and one G. celosioides site (Tables 2.4 & 2.5).
Sclerotia were only observed in isolates from Amaranthus in north Queensland.
The pathogenic species, C. capsici, (wider falcate conidia than C. dematium),
was reported from alligator weed in Argentina along with C. orbiculare (Traversa
et al. 2008), and a Colletotrichum resembling C. orbiculare was found at two
alligator weed sites in NSW (Table 2.4).
One Colletotrichum species was consistently isolated from red leaf and
stem spots of G. celosioides wherever it was sampled (Table 2.5; Figure 2.13).
However it was never isolated from Alternanthera species even though it was
growing nearby at some sites. The species was characterised by a strong violet
pigment extending a few millimetres ahead of the growing colony on PCA,
QPDA and PDA growth media (Figure 2.18), conidia aseptate, medianly
constricted and often with a slightly exerted hilum (20)21-29x3.75-4.5(5)µm,
aseptate setae 88-100(128)µm long and copious black sclerotia.

This

description agrees with the characteristics of C. coccodes (Wallr.) Hughes as
given in Sutton (1980) although there are no reports of violet pigmentation in the
literature.

Colletotrichum gomphrenae Rao & Salam was described from

Gomphrena in India (Rao & Salam 1960) with another description of apparently
the same fungus by Srivastava (1969) from G. celosioides. The descriptions of
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disease symptoms and conidia morphology agree with the isolates from this
survey however no mention of sclerotia production or pigmentation was made.

2.3.5 Epicoccum nigrum
Epicoccum nigrum Link is a commonly encountered saprophyte (Holliday
1998). The fungus was isolated in the survey from alligator weed at 20 sites
and also from A. denticulata, G. celosioides and water primrose (Tables 2.4, 2.5
& 2.6). Although known to limit the growth of fungi (Brown, Finlay & Ward1987;
Zhou, Reeleder & Sparace 1991), this species was always isolated from lesions
in association with other fungi such as Alternaria, Cladosporium, Colletotrichum
and Fusarium. Isolates were all characterised by a yellow/orange pigment in
the agar and the typical E. nigrum conidia although strains appeared to differ in
timing and degree of conidial production as reported by Kilpatrick & Chilvers
(1981). The production of the synanamorph, Phoma epicoccina Punith. Tulloch
& Leach was only observed once in the survey and only from Alternanthera
pungens.

2.3.6 Fusarium spp.
Ten species of Fusarium were isolated from alligator weed with four
species in common with at least one other host and a further three taxa not
found on alligator weed (Tables 2.4 & 2.5). Most species were found at a very
low incidence and were isolated from necrotic lesions in association with other
fungi. Fusarium semitectum reported from A. sessilis (Oladiran & Gana 1991)
was found at two alligator weed sites and from A. denticulata, A. ficoidea and G.
celosioides (Tables 2.4 & 2.5).

Fusarium oxysporum has been found

associated with a vascular wilt of A. sessilis (Mahmood 1990), cankered stems
of Amaranthus hybridus (Blodgett, Swart & Liew 2004) and from a stem canker
on alligator weed in NSW (Plant Pest Database n.d.) and now in the survey
from one large leaf spot of alligator weed in association with Nimbya and
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Alternaria and also a stem lesion of G. celosioides (Table 2.5).

Fusarium

sambucinum was associated with alligator weed lesions at six sites and also
from A. ficoidea in Queensland. This pathogen has had an earlier association
with Amaranthus (Blodgett & Swart 1998) but is recorded for the first time here
in association with Alternanthera species. In addition Fusarium acuminatum, F.
anthophilum, F. beomiformae, F. graminearum, F. polyphialidicum and F.
lateritium are also reported as new associations with an Alternanthera host.
The latter species, F. lateritium had the highest incidence and was
isolated almost always in pure culture from alligator weed lesions at eight sites
in the core infestation area (Table 2.4; Figure 2.16). Pink to purple lesions with
a diffuse margin blending into yellow, usually from the edge but sometimes a
discrete 3-4mm circular or elongated spot, were found on alligator weed leaves
(Figures 2.3 & 2.5). Symptoms were sometimes associated with insect activity.
The isolates were relatively slow growing (5.5mm/day diameter at 25ºC) with a
pale pink to salmon colouration on PDA and sparse aerial mycelium (Figure
2.16).

Macroconidia were readily produced from branched, slender mono

phialides in pale orange sporodochia. They were straight to curved with parallel
sides, 3 to 6 septate (mostly 5, very occasionally 6), 38.8µm to 58.8µm x 3.8µm
to 5µm with a definite foot shaped basal cell and a markedly hooked apical cell.
Blue/black sclerotia were formed on PDA.

Hyaline to pale brown, smooth,

globose clamydospores 7.5 to 10µm diameter formed in hyphae and conidia of
older cultures.

No microconidia were observed.

Tan, Li & Qing (2002)

described a Fusarium sp. from alligator weed in China.

Their description

including conidia and chlamydospore characters suggests the same species.

2.3.7 Nimbya spp.
Typical lesions on alligator weed yielding Nimbya (Figures 2.2, 2.3, 2.4 &
2.6) were as follows. Red to dark red or purple circular spots on leaves with a
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defined margin 2 to 4mm diameter with or without a pale centre and with or
without a yellow halo. Occasionally larger and uneven with a large necrotic
centre. Lesions on stems have the same colouration and are usually ellipsoid
with or without a pale centre (Figure 2.7). These lesions differed from the F.
lateritium symptoms described above by the delineated margin, discrete spots
with pale centre and no association with insect activity (Figure 2.3). The above
described lesions yielded Nimbya sp. from 30 alligator weed sites and most
other Alternanthera sp. sites (Tables 2.4 & 2.5) except A. pungens and two
isolations of A. denticulata from a glasshouse in Brisbane (site AW53) and Boat
Harbour northern NSW (site AW37). Symptoms generally agreed with those
reported in the literature for Nimbya alternantherae from alligator weed
(Holcomb & Antonopoulos 1976; Cao, Wen & Lu 1990; Xiang, Liu & Zeng 1998;
Baretto & Torres 1999) although spots were pinker on A. sessilis (Figure 2.12)
and dark brown to black on A. ficoidea (Figures 2.10 & 2.11).
Nimbya were nearly always isolated from the lesion in pure culture
(Figure 2.17). Colonies on QPDA isolation media were slow growing with an
uneven margin, pale pink to orange aerial mycelium and a characteristic
yellow/orange diffusible pigment in the agar (Figures 2.17 & 2.19).

When

another fungus did grow from the isolation plate, growth was noticeably
inhibited due to the Nimbya culture (Figure 2.19). Conidia characteristics of
Nimbya isolates from the preliminary survey were reported in Gilbert, Auld &
Hennecke (2005) as: “…On potato-carrot agar conidia exhibited an even,
minutely punctiform ornamentation with an average of eight body cells and a
slender, septate apical beak of up to 2·5 times the conidium body length.
Conidium body dimensions were 62–112×14–19µm (average 87×16µm).
Overall length averaged 245µm and many beaks exhibited an apical swelling of

49

4–5µm diameter”. Although isolated from Alternanthera, this description was
not considered to match N. alternantherae (EG Simmons, pers. comm. 2003)
and further isolates from the survey began to show other differences such as
narrow basal cells, shorter beaks and narrower conidia bodies.

Over 100

isolates covering the range of sites, host and symptoms were stored for
investigation.
Additionally a clearly different species of Nimbya was isolated from G.
celosioides at two sites in the Northern Territory (Table 2.5). These isolates did
not match the published morphology of Nimbya gomphrenae (Togashi) EG
Simmons.

2.3.8 Phoma spp.
The plurivorous species Phoma herbarum was recovered from 20
alligator weed sites and all other species of Amaranthaceae surveyed. The
taxon exhibited significant variation in cultural characters between sites and was
often recovered in pure culture from various brown to pale brown lesions. Other
Phoma species from the survey had a low incidence and appeared restricted to
certain sites and/or hosts (Tables 2.4 & 2.5).

2.3.9 Phomopsis spp.
Four Phomopsis taxa were discerned among the isolates from alligator
weed and a further four from other hosts in the survey (Tables 2.4 & 2.5).
Isolates were associated with leaf spots, leaf miner insect activity or were
isolated from stem lesions. The teleomorph, Diaporthe, was not produced by
any of the isolates thus the taxa may or may not represent different species.
Phomopsis gomphrenae Li, Jiang & Chi, described from G. globosa in China,
has ellipsoid or fusiform α-conidia 6.5-7.5x2-2.2µm and filiform, hamate βconidia 18-21x0.8-0.9µm (Li et al. 2004).

This is close to the conidial

morphology of Taxon 7 (listed below) from G. celosioides in North Queensland
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(although no β-conidia were observed) but the size of conidia of P. gomphrenae
also overlap with some of the other taxa found on alligator weed in the survey.
A Phomopsis sp. has been reported from alligator weed in Argentina but without
description (Traversa et al. 2008).

Although Rosskopf et al. (2000a)

demonstrated the limited host range of P. amaranthicola to the genus
Amaranthus, many Phomopsis pathogens have a rather wide host range and
could thus be new associations in this survey. Some observational notes on the
taxa are presented.
Taxon 1
Recorded at six alligator weed sites and common at sites AW4 and AW32.
White, woolly aerial mycelium with a chrysanthemum pattern on full-strengthPDA. No stroma. Some isolates with a pinkish tinge on quarter-strength-PDA.
Pycnidia usually around the edge of plates.
α-conidia: 5-7.5x(2)2.5-3µm, biguttulate, rounded ends or one end pointed.
β-conidia: 12.5-30(mostly 20-25)x1µm.
β-conidiophores: 18-22µm long.
Taxon 2
Also recorded from six alligator weed sites where only one site was in common
with Taxon 1.
White arachnoid aerial mycelium with no pattern. No stroma. Pink or yellow
pigment in the agar. Pycnidia at edge of plate.
α-conidia: 5-7.5x(2)2.5-2.75(3)µm, biguttulate, pointed at one or both ends.
β-conidia: 10-15(20)x1-1.25µm. Rare to not observed.
α-conidiophores: 12-32µm long, some branched.
Taxon 3
Only recorded from alligator weed at one site in the Hunter and one at Byron.
White, arachnoid aerial mycelium. Extensive stroma. No colour in the agar.
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α-conidia: 5.75-8x2.5-3µm, biguttulate, one end rounded and one pointed.
β-conidia: None observed.
α-conidiophores: 25-37.5x2.5µm.
Taxon 4
Only one isolate recorded from alligator weed.
α-conidia: 5x2-2.5µm, biguttulate, one end pointed.
β-conidia: Extremely rare,18-20µm long.
α-conidiophores: 20-22µm long.
Phomopsis taxa 5 to 8 are from other hosts.
Taxon 5
Recorded on A. denticulata from the far north coast site AW37.
White adpressed aerial mycelium.

Cream to pale yellow pigment in agar.

Somewhat similar to Taxon 2 from alligator weed.
α-conidia: 5.25-7.5x2-2.5µm, biguttulate, rounded ends, parallel sides and
narrower than other Phomopsis taxa.
β-conidia: None observed.
Taxon 6
Recorded from seven lesions on A. ficoidea from Cairns far north Queensland.
Dark, relatively hairless, long-beaked pycnidia produced all over the culture
plate. Cream/yellow conidia exudate.
α-conidia: 6-7.5x2.5-3µm, biguttulate, one end rounded and one pointed.
β-conidia: 16-20µm long.
α-conidiophores: 17µm long.
Taxon 7
Recorded from three lesions on Gomphrena celosioides in Cairns far north
Queensland.
Large lens shaped pycnidia without a beak.
α-conidia: 7-7.5x2.5µm, biguttulate.
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β-conidia: None observed.
Taxon 8
Recorded from one lesion on G. celosioides in Cairns far north Queensland.
Unusual shaped α conidia. Pycnidia not aggregated, solitary, superficial with a
yellow conidia exudate.
α-conidia: 5-7x2.5µm, biguttulate, parallel sides.
α-conidia: 5-7x3.5-4µm, one side straight the other bulging.
α-conidia: 5.5-5.5µm globose.
β-conidia: 13-20(25)µm long.
α-conidiophores: 20µm long.
Although the two Amaranthus species sampled were growing in close
proximity to A. ficoidea and G. celosioides yielding taxa 6, 7 and 8, no
Phomopsis isolates were recorded from these hosts.

2.3.10 Sphaceloma sp. (Scab)
Scab lesions were observed on alligator weed from two sites and on A.
denticulata from a further site in the Sydney basin (Tables 2.4 & 2.5).

An

extremely slow growing Sphaceloma species with 5x3µm aseptate conidia grew
from host symptoms.

Identical symptoms (Figure 2.8) were observed on

alligator weed of unknown origin growing in a pot at the Maitland Council
demonstration weed nursery (site AW11) (Table 2.4). A “corky spot” symptom
has been observed by entomologists on alligator weed in Argentina for some
years (M Julien, pers. comm. 2004) and upon inspection of photographs,
appears also to be a scab symptom. The Argentina symptoms appear to be a
darker brown than the pale grey scab lesions in NSW and no details of
morphology of the incitant are available.

The low incidence in the survey

suggests a host shift from the native A. denticulata or some other Australian
host rather than importation from South America with the weed.
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2.4 Discussion
The extent of this targeted survey over various seasons and geographic
range brings to light most diseases and associated putative pathogens present
on alligator weed in Australia.

Extension of the survey to diseases and

associated putative pathogens found on other native and naturalised
Alternanthera spp. and amaranthaceous hosts furthers the knowledge of what
could be expected to infect alligator weed if and when encountered. Many of
the taxa found associated with disease symptoms on alligator weed and the
other amaranthaceous hosts in Australia are new records.
Although the prevailing drier period throughout the survey may have had
an influence on disease incidence and severity it was probably minimal as many
of the sites were in an aquatic situation. However recovery of Albugo bliti from
alligator weed was assumed likely since it had been reported from this host in
Argentina (Traversa et al. 2008) and collections had been made from A.
denticulata and Amaranthus spp. in NSW (Australian Plant Pest Database n.d.).
Drier climatic conditions through most of the survey is the most likely
explanation why this pathogen was only recovered from tropical north
Queensland and a glasshouse in Brisbane. The choice of QPDA as the single
isolation medium and the method of isolation allowed separation of both slow
growing putative pathogens and the often faster growing saprophytes with an
ease of use and media uniformity and further, the range of organisms recovered
from the host tissue suggests a low isolation bias.
Selection criteria and candidate priority of potential pathogens for weed
biological control have been outlined by Morin, Evans & Sheppard (2006). A
narrow host range and an observed high incidence and/or severity of the
pathogen incited disease is a desirable trait. Observed low incidence and/or
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severity in the survey however does not necessarily mean that the pathogen
should be excluded as a potential mycoherbicide. Shrum (1982) discussed the
importance of inoculum distribution and availability of an infection window on
the observed impact of a pathogen and how a “man-made” epiphytotic relies on
creating an imbalance in the pathosystem. Thus a low incidence in the survey
may not be a true indication of pathogenic potential however a more successful
pathogen should receive priority.
Relatively few of the organisms listed on alligator weed in Table 4 were
encountered on the weed throughout its geographic range in NSW and latitude
appears to have had little effect on the taxa isolated.

Unlike many other

host/pathogen systems, there is little chance for dissemination of seed-borne
pathogens with the host as propagation of the weed in Australia is exclusively
vegetative. An alligator weed pathogen can only naturally migrate with the host
through passive dispersal and long distance distribution could only be
completed if transferred with the host ramet. Since alligator weed can establish
from as little as a single stem node, it is possible that very few pathogens
travelled to Australia with the weed originally and thus new associations
established here could be expected to have a patchy distribution. Furthermore,
many of the taxa found (eg many of the Alternaria alternata group, Epicoccum
nigrum, Cladosporium spp., Colletotrichum dematium and Aureobasidium
pullulans) can be regarded as saprophytes or secondary invaders of diseased
tissue and not worthy of further assessment.
Phoma herbarum although thought to be a saprophyte or opportunistic
weak wound pathogen (Boerema et al. 2004) appears to be the only fungus
associated with many necrotic lesions. It is not known whether the fungus was
able to initiate the infection or whether infection was aided by insect wounding
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or other physical means.

Although relatively widespread in the survey, the

isolates appear (due to varying cultural characters) to be different strains
encountered locally on arrival of the weed rather than one superior strain which
has migrated with the host.
Colletotrichum gloeosporioides has a wide host range although forma
speciales have been shown to be highly pathogenic and specific to certain
hosts and employed in biological control (Daniel et al. 1973; Mortensen 1988;
Makowski & Mortensen 1990). This species has been found on alligator weed
throughout NSW with a higher incidence in the Sydney Basin.

Again the

variable cultural characters suggest a new encounter from local strains at each
site. The Phomopsis taxa isolated had a relatively low incidence and were often
found in association with other fungi or from foliar insect tunnels and are
therefore of low priority as candidates.
Another known pathogen, the foliar nematode Aphelenchoides fragariae,
found on alligator weed at 25% of survey sites had been found to cause
damage to the aquatic weed Myriophyllum spicatum L. in Florida USA (Smart &
Esser 1968). The nematode was listed by Freeman (1977) and Templeton
(1982) as a possible biocontrol agent but apparently no further work was
initiated. However the extremely wide host range outlined by Kohl (2008 and
2011) and possible difficulties with propagule manipulation rule it out as a
potential biocontrol agent for alligator weed.
Both Fusarium lateritium and Nimbya spp. stood out as candidates for
evaluation as a mycoherbicide. Both taxa were nearly always recovered from
distinctive and often destructive lesions in pure culture. Although F. lateritium
was found only at eight survey sites, individual lesions were seen to sometimes
coalesce and symptoms appeared earlier in the growing season than from
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Nimbya species. Five of the eight sites were in the Sydney basin where a collar
rot of Celosia plants caused by Fusarium lateritium had been reported earlier
(Trimboli 1972).

Additionally, the morphology appears to match that of an

undetermined Fusarium sp. found on alligator weed in China and evaluated
there as a mycoherbicide (Tan, Li & Qing 2002) and also a Fusarium sp. found
associated with leaf spots on alligator weed in Argentina (G Traversa, pers.
comm. 2006; Traversa et al. 2008).
The Nimbya spp. were more widespread and found on alligator weed at
30 sites throughout the invasive range. The leaf and stem spots associated
exclusively with Nimbya were the dominant symptom at most sites encountered
and, similar to accounts in the literature (Holcomb & Antonopoulos 1976;
Barreto & Torres 1999), could induce chlorosis and leaf abscission. Earlier
evaluation as a mycoherbicide has been reported and the fungus has been
shown to have a narrow host range (Holcomb 1978; Xiang et al. 2002; Pomella,
Barreto & Charudattan 2007).

Nimbya isolates were also recovered from

tropical locations in Queensland and the Northern Territory and the colder Great
Dividing Range at Orange NSW demonstrating the potential for the fungus to
acclimatise to the potential range of the weed in Australia as defined by Julien,
Skarratt & Maywald (1995).
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Chapter Three:

Pathogenicity testing of primary
candidates from the survey
3.1 Introduction
The pathogenicity of selected organisms found associated with disease
symptoms during the survey (Chapter Two) needed to be investigated by the
fulfilment of Koch’s postulates. Koch’s postulates are universally accepted and
used by plant pathologists for determining the pathogenicity of an organism
using the criteria originally laid down by Robert Koch in the latter part of the 19th
century (Holliday 1998). Amended criteria as laid down by the Federation of
British Plant Pathologists were given in Holliday (1998) and stated thus; “(1) the
suspected causal organism must be constantly associated with the disease; (2)
it must be isolated and grown in pure culture; (3) when a healthy plant is
inoculated with it the original disease must be reproduced; (4) added later by
E.F. Smith, the same organism must be reisolated from the experimentally
infected plant”.
In Chapter Two Fusarium lateritium and Nimbya spp. were identified as
potential candidates for use

as a mycoherbicide

on

alligator weed

(Alternanthera philoxeroides) citing previous literature (Trimboli 1972; Holcomb
& Antonopoulos 1976; Barreto & Torres 1999; Tan, Li & Qing 2002; Traversa et
al. 2008).

Both taxa were recovered exclusively from distinctive and often

destructive lesions thus satisfying the first and second postulates. In order to
prove pathogenicity, Koch’s postulates numbers (3) and (4) needed to be
tested. Colletotrichum gloeosporioides was also found at a lower frequency and
sometimes in association with F. lateritium. Although this fungus has a wide
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host range, forma speciales have been employed in biological control (Daniel et
al. 1973; Mortensen 1988; Makowski & Mortensen 1990). Pathogenicity of this
fungus to alligator weed was also tested.
Fusarium lateritium was recorded as early as 1971 causing a collar rot of
Celosia argentea (Amaranthaceae) in Sydney parks and gardens (Trimboli
1972).

Is the F. lateritium strain already found infecting a genus of

Amaranthaceae in Australia capable of causing the disease on alligator weed?
Or are the diseases on the two hosts caused by different strains? A cross
inoculation test can help answer these questions.

In addition to testing F.

lateritium from alligator weed on the same host, the organism can be subjected
to a reciprocal cross inoculation test where it is also tested on Celosia. Adding
an inoculation test where an original F. lateritium isolate from Celosia is tested
on both alligator weed and its original host.

In the test described above a

Nimbya isolate from alligator weed with conidia suggesting N. celosiae was also
inoculated on Celosia and alligator weed in the same test however no confirmed
N. celosiae isolates from Celosia were available for reciprocal cross
inoculations in the glasshouse. A range of Nimbya isolates from alligator weed
and Alternanthera denticulata as well as an isolate of N. gomphrenae from
Gomphrena in the Northern Territory were also tested on alligator weed to
investigate pathogenicity and results are reported herein.

3.2 Methods
3.2.1 Fusarium lateritium and Colletotrichum
gloeosporioides inoculation on alligator weed
Inoculation of healthy alligator weed with conidial suspensions from pure
cultures was undertaken for Fusarium lateritium and also Colletotrichum
gloeosporioides. The latter is a possible primary pathogen but mostly isolated
from the survey in association with other fungi.
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Inoculum preparation
A single spored culture of F. lateritium (AW1/E/1 = DAR76007), isolated
from alligator weed at site AW1 Georges River Glenfield Causeway Glenfield
NSW was used. Conidia growing on sterilised carnation leaf pieces on water
agar were harvested to produce a suspension of 2.4x105 conidia/mL which was
then used to “seed” potato-dextrose-agar (PDA) in 250mL medicine bottles
(flats). The flats were upturned to reduce condensation on the culture surface,
lids left loose for gas exchange and incubated at a constant 25˚C in darkness
for eleven days before use.

Conidia of Colletotrichum gloeosporioides

(AW2/D/3 = DAR76014) from site AW2 were also produced by the same
method.
Host preparation
Since the alligator weed populations in Australia are thought to originate
from a single introduction and have a high genetic similarity (Sosa et al. 2008)
preserved through clonal replication (Barrett 1982), a single representative
population of the weed was used. Alligator weed stem material was harvested
from site AW4 Yarramundi NSW and individual stem nodes used to propagate
host plants for the test. At the time of inoculation individual plants were four
weeks old with roots and a single stem with four to six nodes each bearing two
opposite leaves. Stems ranged in height from 120mm to 260mm (mean =
203mm). Plants were selected at random and placed five per “pot” in takeaway
food containers (110mm diameter and 100mm deep), covered with galvanised
wire mesh (approximately 11mm squares) to keep plants in position, and filled
with tap water (Fig.3.1). Two duplicate “pots” were prepared for each treatment.
Inoculation
Conidia were washed from the flats with sterile distilled water and the
conidial suspension concentration measured using a haemocytometer and
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adjusted for each treatment. Treatments were sprayed onto the plants in late
afternoon using a Paasche® airbrush (Paasche Airbrush Company USA) with
compressed Nitrogen as the propellant. Treatments were administered in the
following order; (1) distilled water control, (2) low concentration of Fusarium
(1x104 conidia/mL), (3) low concentration of Fusarium and Colletotrichum
together (1x102 each to make a final concentration of 1x104 propagules/mL), (4)
High concentration of Fusarium (1x106 conidia/mL), (5) high concentration of
Colletotrichum (1x106 conidia/mL). The sprayer was flushed out with sterile
distilled water between treatments.

Half of the plants were mechanically

damaged with a sterile scalpel blade to leaves and stem at the time of
inoculation. After inoculation of each treatment, a plastic bag was fitted over
each container and returned to the glasshouse for incubation. Plastic bags
increased humidity and remained in place for 24 hours to enhance infection
(Fig.3.2). Inoculated plants were grown at a temperature regime of 25˚C day
and 18˚C night until assessed.
Assessment
Water agar plates were sprayed with the treatment suspension at the
time of inoculation and incubated in the laboratory. After 20 hours incubation,
conidia were counted in situ on the WA plates at x100 magnification from ten
fields of view and % germination of each isolate treatment was calculated.
Treatments were evaluated 28 days after inoculation for leaves with
lesions, and/or chlorosis and/or necrosis (dead).

Heights of stems were

measured in millimetres at the time of inoculation and 28 days later at
assessment.
Re-isolation and identification
Leaf lesions were sampled from each treatment. Leaves were surface
disinfested in 1% sodium hypochlorite for one minute after dipping in 50%
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ethanol for approximately 10 seconds. The leaves were then washed in sterile
distilled water and blotted dry on sterile filter paper. Lesions were sectioned
and

placed,

four

pieces/plate,

on

quarter-strength-potato-dextrose-agar

(QPDA). The QPDA plates were incubated on a laboratory bench with diffused
daylight and fluorescent room lights at approximately 22˚C. After incubation,
fungal cultures growing from the lesion pieces were identified using
morphological characters.

3.2.2. Reciprocal cross inoculation of Celosia and alligator
weed with isolates of F. lateritium and Nimbya from
alligator weed and F. lateritium from Celosia
The reciprocal cross inoculation was designed to test the crossinoculation of F. lateritium from Celosia on alligator weed and vice versa with a
F. lateritium isolate from alligator weed on Celosia. Both F. lateritium isolates
had similar conidia morphology and appeared similar in growth characteristics
(Fig.3.6). A Nimbya isolate with conidia morphology suggesting some similarity
to N. celosiae with the narrow basal cells of the conidia (Simmons 1995)
(Fig.3.5) was also tested on both hosts.
Inoculum preparation
F. lateritium from alligator weed
The same isolate of F. lateritium (AW1/E/1 = DAR76007) used in section
3.2.1 was also utilised in this experiment.

Inoculum was prepared from a

conidial suspension obtained from a sporodochium of the isolate then spread
onto fresh QPDA plates and incubated at a constant 25˚C in the dark for seven
days.
F. lateritium from Celosia argentea
The F. lateritium isolate F1039 was isolated from Celosia argentea in
Sydney (Trimboli 1972) and very few conidia were produced when first
incubated from the contents of a 30 year old, lyophilised ampoule supplied by
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Dr Lester Burgess of Sydney University. Single spore isolates generated from
these also produced few conidia on carnation leaf agar.

Conidia for this

experiment were obtained from a sporodochium produced from a single spore
isolate grown on QPDA. The conidia were spread onto fresh QPDA plates and
incubated at a constant 25˚C in the dark for seven days.
Nimbya isolate from alligator weed
Nimbya isolate AW4/E/1/1 was collected on an alligator weed leaf at site
AW4 Yarramundi NSW. The culture was inoculated on half-strength V8 agar
and incubated for one week in darkness at 25˚C then incubated in alternating
12/12 hour light/dark at the same temperature for fourteen days.
Host preparation
-Celosia
Seed of Celosia argentea var “Pampas Plume” (#34983 4610V3) kindly
supplied by D. Trimboli of Yates seeds Pty. Ltd. was sown into seedling trays in
a glasshouse at approximately 25˚C and transplanted to pots 14 days after
emergence.

Approximately half of the emerged seedlings exhibited a red

pigmentation to the stems and main leaf veins and the other half were green.
Both forms were used in the experiment; two green and two red replicates were
used for each inoculation treatment. The plants were grown at approximately
25˚C with a 14 hour light period.
-Alligator weed
Asymptomatic alligator weed material was collected at site AW6 North
Richmond NSW and grown-on in a glasshouse at approximately 25˚C. Stems
were maintained submerged in a horizontal position and nodes exhibiting newly
emerged roots and shoots were cut from the stems and placed one per
container in tap water. The ramets were grown under the same temperature
and light conditions as the Celosia plants. Three alligator weed replicates were
used for each inoculation treatment.
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Inoculation
Conidia of each isolate were washed from their corresponding plates with
sterile distilled water containing a drop of the non-ionic surfactant Tween-80
(polyethylene glycol sorbitan monooleate). Conidial yield was measured with a
haemocytometer and adjusted to 3x105 conidia/mL for both F. lateritium isolates
and approximately 8x104 conidia/mL for the Nimbya isolate. Treatments were
sprayed onto the plants using a Paasche® airbrush (Paasche Airbrush
Company USA) with compressed Nitrogen as the propellant and the sprayer
flushed out with sterile distilled water between treatments. Some leaves of the
hosts inoculated with the Fusarium isolates were mechanically damaged with a
sterile scalpel blade at the time of inoculation. A plastic bag was placed over
each pot or container for the first 38 hours after inoculation to assist infection.
Inoculated plants were grown at a temperature regime of 25˚C day and 18˚C
night on a glasshouse bench until assessed. At time of inoculation the alligator
weed plants had five to six pairs of leaves, two at each node and the Celosia
plants had three to five leaf pairs.
Assessment
Water agar plates were sprayed with the treatment suspension at the
time of inoculation and incubated in the laboratory.

After 15 to 20 hours

incubation, conidia were counted in situ on the WA plates at x100 magnification
from ten fields of view and % germination of each isolate treatment was
calculated. Treatments were assessed for symptoms 3, 4, 5, 6 and 15 days
after inoculation and lesions were sampled on day 15.
Re-isolation and identification
Leaves and/or stems were surface disinfested in 1% sodium hypochlorite
for one minute after dipping in 50% ethanol for approximately 10 seconds.
They were then washed in sterile distilled water and blotted dry on sterile filter
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paper. Lesions were then sectioned and placed (four pieces/plate on QPDA)
and incubated on a laboratory bench with diffused daylight and fluorescent
room lights at approximately 22˚C. After incubation, fungal cultures growing
from the lesion pieces were identified using morphological characters.

3.2.3 Nimbya spp. on alligator weed
The pathogenicity to alligator weed of twelve Nimbya isolates was
evaluated.
Inoculum preparation
Twelve isolates of Nimbya were selected according to their origin and
morphology (Table 3.1). The isolates were inoculated to half-strength V8 agar
plates and grown for one week in darkness at 25˚C then for a further two weeks
under a 12/12 hour light regime to produce conidia. Conidia from each plate
were then washed with 10mL distilled water (1 drop of Tween-80 added per
100mL) and the resultant spore suspension with mycelium was assessed for
concentration by placing a drop on a microscope slide and counting the number
of conidia in the field of view (x100). Two isolates were also counted using a
haemocytometer for comparison.

Treatment
ID

Isolate ID

Original host

Host organ
where
isolated

Survey site where isolated

1
AW4E/1/1
alligator weed
Leaf
AW4 Yarramundi NSW
2
AW6A/2/1
A. denticulata
Leaf
AW6 North Richmond NSW
3
AW8A/2/3
A. denticulata
Stem AW8 Raymond Terrace NSW
4
AW9/1/1
alligator weed
Leaf
AW9 Bob's Farm NSW
5
AW10A/1/1
alligator weed
Stem AW10 Fullerton Cove NSW
6
AW10A/4/1
alligator weed
Leaf
AW10 Fullerton Cove NSW
7
AW15A/1/2
alligator weed
Stem AW15 Wallsend NSW
8
AW20/1/1
alligator weed
Leaf
AW20 Kotara NSW
9
AW22A/1/1
alligator weed
Leaf
AW22 Jewells NSW
10
AW24/2/1
alligator weed
Stem AW24 Bulahdelah NSW
11
EC11/1
A. sessilis
Leaf
EC11 Northern Territory
12
Gomphrena sp.
EC13/A/11
Leaf
EC13 Northern Territory
13
Control (Water)
Table 3.1 List of Nimbya isolates used in section 3.2.3. Three replicates were inoculated in
each treatment.Host

preparation

70

Asymptomatic alligator weed material was collected at site AW6 North
Richmond NSW and grown-on in a glasshouse at approximately 25˚C. Stems
were maintained submerged in a horizontal position and nodes exhibiting newly
emerged roots and shoots were cut from the stems and placed one per “honey
pot” container in tap water. The ramets were grown at approximately 25˚C with
a 14 hour light period. At the time of inoculation, individual plants were a single
rooted stem with four to six nodes bearing two healthy green opposite leaves at
each node.
Inoculation
Inoculum suspension concentrations were adjusted to approximately
1x104 conidia/mL. Treatments were sprayed onto the plants using a Paasche®
airbrush (Paasche Airbrush Company USA) with compressed Nitrogen as the
propellant and the sprayer flushed out with sterile distilled water between
treatments. The water plus Tween-80 control was prepared first followed by the
isolates in ascending treatment order (Table 3.1). Treatments were set out on
the bench in a randomised block design. A plastic bag was immediately placed
over each plant and removed after approximately 40 hours incubation.
Assessment
Conidia from each isolate were inoculated onto a water agar plate and
incubated for 14 to 16 hours on the laboratory bench. Ten conidia from each
plate were evaluated for germination frequency, number of germ tubes and
length of germ tubes.
Plants were observed 2, 3, 4, 5, 7, 12 and 15 days after inoculation and
observations on lesion and chlorosis development were made for each plant.
Lesions were sampled and isolations made seven days after inoculation. One
leaf exhibiting typical symptoms was sampled from each plant in replicate/block
no1. No leaves were available for treatment 2 in replicate 1 therefore a leaf was

71

sampled from replicate/block no 3. Photographs of the sampled leaves were
taken before processing.
Re-isolation and identification
Leaves and/or stems were surface disinfested in 1% sodium hypochlorite
for one minute after dipping in 50% ethanol for approximately 10 seconds.
They were then washed in sterile distilled water and blotted dry on sterile filter
paper. Lesions were then sectioned and placed (four pieces/plate on QPDA)
and incubated on a laboratory bench with diffused daylight and fluorescent
room lights at approximately 22˚C. After incubation, fungal cultures growing
from the lesion pieces were identified using morphological characters.

3.3 Results
3.3.1 Fusarium lateritium and Colletotrichum
gloeosporioides inoculation on alligator weed
Most treatments exhibited 99% to 100% germination of conidia on WA
plates after 20 hours incubation however C. gloeosporioides was the exception
with only 63% germinated. Fusarium conidia germinated usually from both end
cells or from the foot cell only and hyphae were up to 250µm long after 20
hours.
No disease development was observed on undamaged tissue. Lesions
only developed at the site of mechanical damage and then only at relatively low
levels with the high inoculum rate of F. lateritium (1x106 conidia/mL) causing the
most damage (Table 3.2; Figs.3.3 and 3.4). Damaged and undamaged control
plants were free of disease symptoms and the small amount of leaf death was
apparently due to natural senescence. Both treatment species were reisolated
from the symptomatic tissue.
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Leaves
dead (%)

Leaves with
lesions
and/or
chlorotic
(%)

Height
increase of
stems (%)

0

7

0

9

20

26

27

26

8

Fusarium LOW

6

3

15

7

11

Colletotrichum HIGH

3

1

5

3

6

Fusarium + Colletotrichum LOW

9

9

8

11

17

Leaves
chlorotic
(%)

Leaves
with
lesions
(%)

Control (Water)

0

Fusarium HIGH

Table 3.2 Results of Fusarium lateritium and Colletotrichum gloeosporioides treatments on
alligator weed 28 days after inoculation. Average of 10 plants.

3.3.2. Reciprocal cross inoculation of Celosia and alligator
weed with isolates of F. lateritium and Nimbya from
alligator weed and also F. lateritium from Celosia
Thirty conidia from each treatment were examined for germination on the
WA plates after 15 to 18 hours incubation.

Conidia of F. lateritium (from

alligator weed), F. lateritium (from Celosia) and the Nimbya sp. (from alligator
weed) had germination rates of 97%, 93% and 100% respectively. Germ tubes
(mostly one, sometimes two per conidium) of both Fusarium isolates were one
to three times the length of the conidium. Nimbya conidia had three to seven
germ tubes per conidium (average of four) and the length of the longest tube on
each conidium was three to eight times the length of the conidium body
(average of six times the conidium body).
Alligator weed
Typical Nimbya lesions, dull purple leaf spots with pale centres (Fig.3.7)
and many red stem lesions began to appear on alligator weed leaves three
days after inoculation (3DAI) and progressed to coalesce and cause chlorosis
and then leaf drop by the end of the test. The Fusarium isolate from alligator
weed started to form lesions on the same host 5DAI but without much more
progression throughout the test. In contrast the Fusarium isolate from Celosia
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did not produce disease symptoms on alligator weed along with the water
control treatment.
Celosia
Grey smudgy blemishes were noticed on Celosia leaves inoculated with
Nimbya when the plastic bags were removed 38 hours after inoculation. By
3DAI the smudges had progressed to large grey lesions on both the red and
green forms of Celosia (Fig. 3.7). By 5DAI the younger Celosia leaves were
curling and the older leaves were drooping. Nimbya affected both colour forms
in a similar fashion (Fig.3.7) whereas differences were noted for the Fusarium
isolates (Fig.3.9).
The Fusarium from alligator weed appeared to produce stronger
symptoms on the green form compared to the red (Fig.3.10) whereas the
converse was true for the Fusarium isolate from Celosia (Fig.3.9). Symptoms
first appeared at 3DAI as small purple spots with pale centres mainly on the
younger Celosia leaves inoculated with either isolate of Fusarium. By 5DAI the
spots on the red form were found on every leaf and progressed in size for both
Fusarium isolates but the spots on the green form remained only on the
uppermost leaves and remained comparatively small. However by 6DAI the
Fusarium isolate from Celosia began to form a collar rot as described by
Trimboli (1972) on both forms (Fig.3.8). The collar rot symptom progressed to
kill the plants affected while the Fusarium from alligator weed did not produce
this symptom. All alligator weed and Celosia plants inoculated with the water
control remained healthy and symptomless throughout the test and the fungi
used for inoculation were reisolated from corresponding disease symptoms on
all plants.
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3.3.3 Nimbya spp. on alligator weed
In vitro germination data are listed in Table 3.3 where % germination
ranged from 50% to 100% and differences between isolates were noted in the
number of germ tubes per conidium and their length. Treatments 5 and 12
were not observed. Treatment 3 had the lowest germination rate and also the
lowest number of germ tubes produced from viable conidia.

Treatment
ID number

1
2
3
4
6
7
8
9
10
11

Isolate ID

Conidia
germination
(%)

AW4E/1/1
AW6A/2/1
AW8A/2/3
AW9/1/1
AW10A/4/1
AW15A/1/2
AW20/1/1
AW22A/1/1
AW24/2/1
EC11/1

100
100
50
100
80
100
100
100
100
100

Average
length of
Average longest tube
no.of germ (x length of
tubes per
conidium
body)
conidium

5.4
3.6
1.2
2.8
1.5
2.0
3.5
2.4
2.8
4.3

4.9
3.7
3.2
4.7
3.6
3.6
3.7
6.1
3.8
3.7

Table 3.3 Germination and germ tube data for Nimbya isolates inoculated on alligator weed.

Table 3.4 summarises a timeline (2DAI, 3DAI, 4DAI, 5DAI, 7DAI, 12DAI
and 15DAI) of symptom emergence for each treatment along with descriptive
notes. Results from the three plants per treatment were combined for the table.
Treatment 12 (EC13A/11 from Gomphrena in the Northern Territory) did not
develop disease symptoms on alligator weed and along with the water control
remained healthy throughout the test.
Less than 2DAI (42 hours), small dark “pinpoint” lesions were observed
“peppered” over the leaves of at least one replicate from all treatments except
treatments 3, 6, 12 and the water control (Table 3.4). By 3DAI all isolates
capable of infecting alligator weed were exhibiting early symptoms on at least
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some of the alligator weed leaves. Chlorosis at 4DAI (Figs.3.12 and 3.13) and
wilting at 5DAI was evident with the apparently more aggressive isolates in
treatments 1, 2, and 4. By 7DAI the most effective isolates had killed all leaves
which had then fallen from the plants. Treatment differences were seen in the
development of stem lesions.

Stem lesions were first noticed on 7DAI for

treatments 1, 2 and 4 and formed somewhere between 7DAI and 12DAI for the
others excepting treatment 3 where they did not form at all. Some isolates
produced many large coalescing stem lesions whereas others had a very low
incidence. Denuded and dead stems (Fig.3.11) were breaking at the nodes by
12 DAI in treatment 2 (Fig.3.11-B). In contrast, other isolates had not caused
any chlorosis or death of leaves even though many leaf and stem lesions were
present (Fig.3.14). There did not appear to be any association between the
origin of the original lesion isolated (leaf or stem) and subsequent development
on the inoculated host.
The plants were grown on for a month after the 15DAI observations with
no change to most treatments. Treatments 1, 4 and 8 later followed treatment 2
in the breaking up of dead stems at the nodes and no regrowth was observed in
any treatments.

Treatment 12 and the control (treatment 13) continued to

remain disease free.
Nimbya spp. were recovered exclusively from all lesions plated. The
typical growth and yellow/orange pigment in the QPDA medium was observed
after four days incubation on the laboratory bench. Treatment 7 (AW15A/1/2)
was distinguished from the others by a more open growth and feathery margin.
Treatment 11 (EC11/1) was distinguished from the rest by a slower growth rate
and feathery margin. Some isolates were transferred to PCA and sporulation
was induced to further confirm the reisolation of Nimbya isolates.
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3.4 Discussion
3.4.1 Fusarium lateritium
From this study it was shown that Fusarium lateritium isolated from
alligator weed required mechanical damage to cause disease on the host. It
was often observed in the field to be associated with insect damage or
sometimes isolated from apparently undamaged tissue on the lamina or, more
often, from leaf margins. These lesions could have been initiated by minute and
thus unobserved insect punctures or possibly entry through hydathodes.
Traversa et al. (2008) isolated a Fusarium from alligator weed in South America
from large and apparently damaging leaf lesions very different to those on
Australian alligator weed (images supplied by G. Traversa, pers. comm.).
Isolates for examination supplied by G. Traversa had an identical morphology
and rDNA ITS sequence to the Australian isolates (data not shown). Tan et al.
(2002) also described an unidentified Fusarium from alligator weed in China
causing enough serious damage to be investigated as a biological control
candidate. From their description their fungus also appears to be F. lateritium
however the apparent differences in symptoms cannot be explained without
further work. Blodgett, Swart & Louw (2004) identified a connection between
Fusarium canker on Amaranthus hybridus (Amaranthaceae) and a pigweed
weevil vector. Perhaps the required vector for F. lateritium disease spread and
development on alligator weed did not accompany the host to Australia.
The F. lateritium strain isolated from Celosia was not pathogenic to
alligator weed in this test but was still viable and caused the described collar rot
symptoms on Celosia (Trimboli 1972). The F. lateritium strain from alligator
weed produced some leaf symptoms on Celosia but did not cause collar rot.
Fusarium lateritium on Celosia was first described in Japan as F. celosiae Abe
(Abe 1928) and later recombined as F. lateritium f. sp. celosiae by Matuo
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(1975). The F. lateritium strain from Celosia in Sydney was thought to have
been introduced to Australia from Japan (Trimboli 1972) and can be seen from
this work to be a different strain to that isolated from alligator weed.
The fungus has been investigated as a biological control agent for fungal
plant disease (Sitepu & Wallace 1984) and weeds (Walker 1981). Although
only one representative isolate was used in this study, from the results obtained
here, F. lateritium will not be considered for any further investigation as a
biological control agent for alligator weed.

3.4.2 Colletotrichum gloeosporioides
Colletotrichum gloeosporioides also required tissue damage to infect
alligator weed and then with only minimal disease progression at least under
the conditions of this test.

This fungus has an extremely wide host range

(Sutton 1980) and although very damaging forma speciales have been
identified and developed for biological control (Watson et al. 2000), the isolate
selected here most likely has an opportunistic association with alligator weed in
Australia, only infecting the plant when damaged by insects etc or a more
aggressive pathogenic fungus.

Although like F. lateritium, where only one

representative isolate was used for Koch’s Postulates, this species will not be
further investigated for biological control of alligator weed.

3.4.3 Nimbya
Isolates of Nimbya from Alternanthera differed in their pathogenicity
when inoculated on alligator weed. However all of these isolates did cause
lesions on the alligator weed host and were re-isolated from those lesions, thus
satisfying Koch’s Postulates.

The Nimbya isolate (N. gomphrenae) from

Gomphrena celosioides in the Northern Territory was not pathogenic to alligator
weed however given the different host; the negative result was not unexpected.
Treatment 11 (EC11/1) was isolated from Alternanthera denticulata also in the
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Northern Territory and presumably has not previously come in contact with
alligator weed. It was pathogenic but not aggressive in this test.
Some isolates were very effective under the conditions of the test and
killed the plants whereas others only produced leaf spots on otherwise green
and healthy leaves apparently not significantly affecting the host. Treatments 1,
2, 4 and 8 stood out from the rest causing death of the host. Treatment 1
(AW4E/1/1) and 2 (AW6A/2/1) were very aggressive and similar in their effect
on the host despite being isolated from different species of Alternanthera. They
were however seen to have a similar morphology and both came from the
Nepean River (Yarramundi and North Richmond) in the Sydney basin.
Treatment 2 (AW6A/2/1) was the most aggressive and only treatment to break
the dead stems at the nodes by 12DAI. The other two aggressive isolates
treatment 4 (AW9/1/1) and treatment 8 (AW20/1/1) originated from the Hunter
Region and Newcastle respectively indicating no discernable effect of
geographic origin on pathogenic strains.
Treatments 3 and 6 were the only two isolates to not exhibit symptoms
on 2DAI and progressed to cause minimum damage to the host. They were
also the only two isolates to have a germination rate lower than 100% and also
had the lowest number of germ tubes per viable conidium. Conversely the
aggressive treatments 1, 2, 4 and 8 had some of the highest numbers of germ
tubes per conidium (Table 3.3).

Most inoculations with conidia such as

Fusarium or Colletotrichum rely on a threshold number of propagules per unit
area to initiate disease. Observations during the thesis on the development of
single Nimbya conidia on detached alligator weed leaves (data not shown)
demonstrated that a single conidium on a leaf can develop into a typical leaf
spot and further develop to chlorosis of the leaf.
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Selecting for a strain to

produce more germ tubes per conidium may be a viable method for selecting a
superior pathogen and should be pursued in future research.
Celosia was shown to be a host of Nimbya isolated from alligator weed in
Australia however this result was to be expected. Holcomb (1978) when host
range testing with a Nimbya isolate from alligator weed, found the strain caused
more severe disease symptoms on Celosia argentea and Iresine herbsteii
(Amaranthaceae) than on alligator weed under the artificial inoculation and
glasshouse conditions of the test. Unfortunately no N. celosiae isolates were
available for the reciprocal cross inoculation test on alligator weed. The Nimbya
strain was selected because of a similarity in morphology to N. celosiae. This
same strain (AW4E/1/1) was also one of the twelve isolates (treatment 1) used
in the alligator weed test and proved to be one of the most pathogenic to
alligator weed. The collection from the survey of Nimbya isolates from alligator
weed and other Alternanthera species in Australia will be trialled as a
prospective mycoherbicide for alligator weed.
Only a minimal screening of Nimbya isolates has been attempted here as
the aim of this experiment was to test Koch’s Postulates on a range of isolates,
and not necessarily a comparison between them. A repeat of Koch’s Postulates
with the above isolates along with a screening program for the “ideal” isolate will
be performed at a later stage. This work will take into account differences in
dew requirement (Pomella, Barreto & Charudattan 2007) and inoculum
formulations as discussed by Yandoc-Ables, Rosskopf & Charudattan (2007b)
after taxonomic problems addressed in the following chapters have been
resolved.
Host range testing will be undertaken with a shortlist of candidates after
conclusion of the pathogenicity screening.
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Evans (1995) argues that only

minimal host range testing is required for endemic mycoherbicides while
Leonard (1982) warns that the greatest hazard of deliberately disseminating
pathogens is the introduction into areas where it did not previously occur.
Considerable host range testing of N. alternantherae has already been carried
out and reported in the literature.
Xiang et al. (2002b) looked at 72 species as hosts from 56 genera
covering 25 families (including A. philoxeroides, A. sessilis, Amaranthus tricolor
and Celosia cristata from Amaranthaceae). Their isolate only infected alligator
weed and Amaranthus however their test only had a 12 hour dew period and
the experiment was terminated after five days.
Pomella, Barreto & Charudattan (2007) trialled 42 species plus A.
philoxeroides from 23 families using the radiation strategy of Whapshere
(1974).

Two species of Celosia were susceptible in the Amaranthaceae.

Amaranthus, Gomphrena globosa and Alternanthera ficoidea were all immune.
Nimbya was recorded from Alternanthera ficoidea in Australia although the
isolates have not yet been tested on alligator weed. Possibly their A. ficoidea
could have been the purple pigmented variety. They also trialled two hosts from
Chenopodiaceae, a family close to Amaranthaceae, (Beta vulgaris and Spinacia
oleraceae) and both were found to be susceptible. The only other susceptible
family was the Portulacaceae with Portulaca halimoides the only species
trialled. However their method was different to that of Xiang et al. (2002b) as an
18 hour dew period was employed and observations continued for 14 days.
Holcomb (1978) tested only eight species as hosts all within the
Amaranthaceae. He found N. alternantherae caused severe disease on Iresine
herbstii and two varieties of Celosia argentea (the varieties are now raised to
species rank as C. cristata and C. plumosa).
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Nimbya alternantherae also

caused a light infection on three Amaranthus species including A. tricolor also
found susceptible by Xiang et al. (2002b). In contrast to Pomella, Barreto &
Charudattan (2007), Gomphrena globosa was also shown to be light to
moderately susceptible.

Both alligator weed and Alternanthera bettzickiana

were only moderately infected compared to Celosia and Iresine.

However

Holcomb (1978) used a much longer dew period ranging from 24 hours up to 40
hours.

The longer dew period could predispose otherwise non-hosts to

infection as no natural infections of any species besides alligator weed were
observed by Holcomb in the field. Celosia was found resistant using the 12
hour dew period of Xiang et al. (2002b), susceptible with the 18 hour dew period
of Pomella, Barreto & Charudattan (2007) and highly susceptible employing the
38 hour dew period reported in this work and 40 hour dew period of Holcomb
(1978). Of course other variables may be involved such as different growing
conditions of the host (humidity etc), differing incubation and observation
periods of the experiments and most importantly, the pathogenicity of the
Nimbya strain employed with variation in number of germ tubes per conidium as
discussed above or differences in phytotoxin production.
Phytotoxins produced by plant pathogens can be either host-specific, or
using the terminology of Wolpert, Dunkel & Ciuffetti (2002), host-selective, in
contrast to the group of non-host-specific toxins. Many host-selective toxins
have been found in a genus closely related to Nimbya; the genus Alternaria
(Kusaba & Tsuge 1994; Strange 2006), with over 180 secondary metabolites
recorded (Demuner et al. 2006) of which over 70 are toxic (Pryor 2003) and
some which have been utilised for secondary-metabolite profiling of Alternaria
species (Andersen, Dongo & Pryor 2008). Phytotoxins are of interest for the
biological control of weeds and/or synthetic production of novel herbicides
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(Tsantrizos, Ogilvie & Watson 1992; Strange 2007).
Many secondary metabolites are shared between different fungi. The
fungal metabolite depudecin, originally identified from Alternaria brassicicola
(Matsumoto et al. 1992) was also found to be produced by Nimbya scirpicola
(Tanaka, Fujimori & Nabeta 2000). Interest in phytotoxic metabolites of Nimbya
alternantherae began in China where Xiang et al. (2002a) identified two
phytotoxins (Phytotoxin-A and -B) produced differentially depending on the
makeup of the liquid medium used.

Phytotoxin-A produced a leaf blight

symptom and phytotoxin-B a leaf spot on alligator weed (Xiang et al. 2002a).
Xiang et al. (2002c) further tested phytotoxin-A on alligator weed. Symptoms
induced were a chlorosis and wilting of the leaves and a reduction in root
growth but no effect on the alligator weed stem. Phytotoxin-A was identified as
Vulculic acid (Zhou et al. 2006) also found in the rather distant fungal genus
Penicillium (Kimura et al. 1991). It is a non-host-specific phytotoxin found to be
toxic to the leaves of many plant families and genera (Xiang, Zhou & Zeng
2007). Demuner et al. (2006) also isolated two non-host-specific phytotoxins
from N. alternantherae.

They grew the fungus on solid media and neither

phytotoxin was Vulculic acid. No host-selective toxins have yet been identified
from Nimbya thus there is probably other pathogenicity factors which still need
to be identified in order to explain the rather narrow host range of N.
alternantherae.

However differences in production of phytotoxins between

Nimbya isolates could help explain some of the differences in disease
symptoms such as chlorosis and wilting observed in this study.
Holcomb (1982) using a Louisiana isolate (= ATCC 32883?) concluded
that N. alternantherae was a poor biocontrol candidate as damage to stems was
negligible and the terminal leaf whorl appeared resistant to infection.
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Joye

(1990) reiterated this finding stating that strains of the fungus present in the
USA have proved to be unsatisfactory as a biocontrol candidate due to a lack of
stem infection. Pomella, Barreto & Charudattan (2007) using an isolate from
Florida also found that the weed was able to out-grow the disease effects.
Results from China (Xiang et al 2002b) also suggested that their isolates
exhibited this lack of control however some of the Australian isolates tested
here are more promising as they do produce aggressive stem lesions and plant
death.
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Chapter Four:

Morphology of the Nimbya anamorph
from Alternanthera and closely related
hosts
4.1 Introduction
Nimbya is a relatively new genus of anamorphic fungi originally erected
with five species by Simmons (1989) and later reviewed by Zhao & Zhang
(2005) with the 17 presently accepted species. Six of the species, including the
type of the genus, are only known from hosts within the monocotyledonous
families Cyperaceae and Juncaceae.

Of the eleven species known from

dicotyledonous hosts, six are pathogens of Amaranthaceae with two of these on
A. philoxeroides (Zhao & Zhang 2005).
Many of the taxa now incorporated in Nimbya were previously
accommodated within Alternaria however a leading expert on Alternaria and
related fungi, EG Simmons, declared “Not In My Back Yard!!” (NIMBY) and
erected the genus Nimbya to accommodate the aberrant species (Simmons
1989).

The presence of distoseptate conidia with the gradual insertion of

transverse constricting eusepta and rare longitudinal septa discriminate Nimbya
from the close genera Alternaria and Drechslera and morphology of the conidia
is the main delimiter of species within the genus (Simmons 1989).
After observations of an isolate from A. denticulata in Queensland
referred to Alternaria alternantherae Holcomb & Antonopoulos, the taxon was
transferred to Nimbya alternantherae (Holcomb & Antonopoulos) Simmons &
Alcorn with the neotype based on the original A. alternantherae holotype
ATCC32833 (Simmons 1995). The Nimbya cultures isolated in the preliminary
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survey from Alternanthera in NSW appeared to have shorter beaks and
narrower conidia bodies than the neotype description of N. alternantherae in
Simmons (1995). At that time N. alternantherae was the only species described
from alligator weed. Five representative isolates (Table 4.1) of Nimbya from
Alternanthera from NSW were sent to Dr Emory G Simmons who expressed the
opinion that differences in conidium body length and width, ornamentation,
number of body cells and beak length set these isolates apart from N.
alternantherae (EG Simmons, pers. comm. 2003). It can be speculated from
this rather narrow species concept of Simmons that some published records of
N. alternantherae on alligator weed in China (Xiang, Liu & Zeng 1998) and
Brazil (Barreto & Torres 1999) may represent a different species. Furthermore,
a preliminary review of conidial characters among the NSW Nimbya cultures
suggested that there may be more species than N. alternantherae among the
Australian isolates (Gilbert, Auld & Hennecke 2005).

Simmons (2004)

subsequently described a second Nimbya species from alligator weed, Nimbya
perpunctulata, based on an isolate originally thought to be another ex holotype
of Alternaria alternantherae (EG Simmons, pers. comm. 2003; Simmons 2004).
Preliminary observations of conidial characters also indicated regional
differences between isolates from the Sydney region and Newcastle/Fullerton
Cove. The Fullerton Cove (site AW10) close to the purported initial site of
distribution for the weed in Australia (Hockley 1974) appears to contain a
variable Nimbya population whereas many of the other sites only harbour a
single phenotype possibly as a consequence of passive and selective
dissemination with a small piece of the host. Recent work examining the ISSR
profiles of alligator weed populations has identified at least two introductions of
alligator weed to Australia (D Gopurenko et al. unpublished). During the survey
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reported in Chapter 2, Nimbya species were found on related native
Alternanthera species growing near alligator weed however also from the
Northern Territory, Queensland and Orange NSW far from alligator weed
populations. This finding leads to a hypothesis that the Australian populations
of Nimbya on alligator weed are possibly derived from a mixture of individuals
co-evolved with the native Alternanthera, others possibly imported with the
weed from South America as well as other species (eg N. celosiae, N.
gomphrenae) from

other

amaranthaceous

hosts

present

in

Australia.

Hybridisation between these species could also be a possibility.
Many bioherbicide projects proceed, and occasionally fail, without
determining the most appropriate strain available; Charudattan (2010) warned
“….it is prudent to survey the pathogen population structure as much as
possible before committing to a particular isolate for development”. Samson
(1995) also discussed the need for significant taxonomic input into the plant
pathogens used for biological control of weeds. In order to resolve the apparent
taxonomic disparity among the Nimbya strains isolated from the survey, a
detailed morphological study of the Australian isolates from alligator weed and
other Alternanthera hosts was undertaken along with comparison to the neotype
of N. alternantherae and the holotype of N. perpunctulata.

4.2 Methods
4.2.1 Isolates examined
Single conidium and/or hyphal tip pure cultures were prepared from 81
Nimbya isolates from Alternanthera (Table 4.1) and two isolates of Nimbya from
G. celosioides (Table 4.2) collected during the survey described in Chapter 2.
Additional living cultures of Nimbya generously supplied by Dr Emory Simmons,
USA (EGS), Dr TY Zhang, Shandong Agricultural University, China (HSAUP)
and Dr Roger Shivas, Plant Pathology Herbarium, Queensland Australia (BRIP)
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were added for comparison and further cultures were sourced from the
International Collection of Microorganisms from Plants in New Zealand (ICMP)
and the Genebank Project of the National Institute of Agrobiological Sciences,
Japan (MAFF) (Tables 4.1 & 4.2). Details of all imported cultures used in this
thesis are listed in Table 4.3.

Living cultures were imported on Australian

Quarantine Inspection Service (AQIS) permits (Permit numbers IP200317144
and IP06020883) subject to conditions including in vitro investigation only. An
attempt was made to examine living cultures of all species recorded from
amaranthaceous hosts however no living cultures of N. crassoides or N.
pimpriana were available in public culture collections. The N. alternantherae
isolate (BRIP 14794a) from the Queensland Plant Pathology Herbarium and
noted in Simmons (1995) was deemed lost after several attempts to isolate it
from storage only produced the co-isolate Curvularia tuberculata. A Nimbya
species isolated from Ptilotus macrocephalus (Amaranthaceae) (BRIP 15986a)
was viable and sourced from the herbarium (Table 4.2).
Dr Simmons was able to provide the ex-neotype of N. alternantherae
(Simmons 1995) as ATCC32833, the ex-holotype of Alternaria alternantherae
(Holcomb & Antonopoulos 1976) as well as a further five Nimbya cultures
isolated by him from material collected from alligator weed in Baton Rouge
Louisiana USA by Dr Gordon Holcomb (EGS50-021 to 025). He also supplied
living cultures of a New Zealand isolate collected by CF Hill (EGS48-115) and
the ex-holotype of N. perpunctulata supplied before publication (EGS51-130);
both from Alternanthera hosts. Also for comparative studies, he supplied the
ex-holotype isolate of N. celosiae (EGS42-013) and ex-holotypes of N.
scirpinfestans (EGS49-185) and N. scirpivora (EGS50-021) described from the
monocotyledonous genus Scirpus in Johnson et al. (2002) (Tables 4.1 & 4.2).
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Host

AW1/D/2
AW3/B/1
AW3/C/1
AW4E/1/1
AW4E/1/1S
AW6A/1/1
AW6A/2/1
AW6A/2/1p2
AW6C/1/1
AW7A/1/3
AW8/1/1/3
AW8/1/3/1
AW8A/1/1
AW8A/2/3
AW9/1/1
AW9/1/1S
AW9/2/1
AW9A/1/1
AW10/1/A/1
AW10/1/B/1
AW10/1/C/1
AW10/1/D/1
AW10/3/B/1
AW10A/3/1
AW10A/4/1
AW11/1/1
AW12/1/1
AW13/1/1
AW14/1/1
AW14/2/1
AW15/1/1
AW15/2/1
AW15A/1/1
AW15A/1/2
AW17/1/1
AW17/2/1
AW17/3/1
AW17A/2/3
AW18/1/1
AW18/2/1
AW19/1/1
AW20/1/1
AW20/1/1S
AW21/1/1
AW22A/1/1
AW23/1/1

A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. denticulata
A. denticulata
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. denticulata
A. denticulata
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides

Conidia Morphology
Isolate ID Number

Conidia Morphology
Isolate ID Number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Isolate ID

Isolate ID

Host

48
50
51
52
53
54
55
56
58
60
61
62
63
64
65
66
67
68
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
95
96
98
99
101
102

AW23A/1/1
AW24/2/1
AW24/2/3
AW24/3/4
AW24/4/6
AW25A/3/1
AW25A/6/1
AW30/1/3
EC11/1
EGS 48-115
EGS 51-130 *
AW32/3/1
EGS 52-021
EGS 52-022
EGS 52-023
EGS 52-024
EGS 52-025
ATCC 32833 **
AW34/1/1
AW34/1/3
AW34/3/1
AW34/1/2 SectorA
AW34/1/2 SectorB
AW39/1/2
AW42/1/1
AW44/1/1
AW45/1/1
AW50/7/1
AW50/6/1
AW51/1/1
AW51/2/1
AW52/1/1
AW52/5/4
AW52/5/13 SectorA
AW52/5/13 SectorB
AW57/1/1
AW57/5/1
AW58/4/1
AW58/6/1
AW58/7/1
HSAUP 2670
HSAUP 2798
ICMP 7831
ICMP 14052
AW21A/1/1
AW10B/11/1

A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. denticulata
A. denticulata
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. sessilis
A. sessilis
A. sessilis
A. sessilis
A. sessilis
A. sessilis
A. ficoidea
A. ficoidea
A. ficoidea
A. ficoidea
A. ficoidea
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides
A. philoxeroides

Table 4.1 Nimbya isolates from the survey and elsewhere from Alternanthera hosts evaluated
for conidia morphology. Note: * Isolate No. 61 is N. perpunctulata ex-holotype and ** Isolate No.
68 is N. alternantherae ex-neotype.
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Dr Zhang of Shandong Agricultural University China supplied two Nimbya
isolates from alligator weed in southern China one of which (HSAUP2798) was
examined in, and the other (HSAUP2670) examined and illustrated in, Zhao &
Zhang (2005). In addition he generously supplied an isolate of N. celosiae
(HSAUP4055) also illustrated in the same publication (Table 4.2).

Nimbya

isolates were also obtained from New Zealand on alligator weed (ICMP7831)
and A. sessilis (ICMP14052), latter being most likely the same as the CF Hill
isolate obtained through EG Simmons as EGS48-115 (Tables 4.1 & 4.2). One
culture of Nimbya isolated from Carex secta (ICMP11417) was also obtained
from New Zealand. Nimbya alternantherae was erected on isolate ATCC32833
and an isolate from A. denticulata in Queensland (Simmons 1995) the latter of
which was not available for this study.
In summary, the conidia morphology was evaluated for 94 Nimbya
isolates from Alternanthera hosts in Australia and elsewhere (Table 4.1) along
with other Nimbya isolates from Gomphrena, Celosia, and Ptilotus listed in

Conidia Morphology
Isolate ID Number

Table 4.2.

57
59
69
70
93
94
97
100
103

Isolate ID

EC10/F/1
EC13/A/11
EGS 49-185
EGS 50-021
BRIP 15986
EGS 42-013
HSAUP 4055
MAFF 328855
ICMP 11417

Species

Nimbya sp.
Nimbya sp.
N. scirpinfestans
N. scirpivora
Nimbya sp.
N. celosiae
N. celosiae
N. gomphrenae
Nimbya sp.

Host

G. celosioides
G. celosioides
Scirpus sp.
Scirpus sp.
Ptilotus sp.
Celosia sp.
Celosia sp.
G. globosa
Carex secta

Table 4.2 Nimbya isolates from the survey and elsewhere from hosts other than Alternanthera
evaluated for conidia morphology.
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4.2.2 Growth and morphology
4.2.2.1 General observations on morphology
Observations on mycelium, conidiophores and conidia characteristics
including conidia ornamentation and presence or absence of longitudinal septa
were made. Observations of conidia and conidiophores in situ were made on
selected cultures using the Sellotape method as described by Dring (1971) for
investigations of fungi on leaf surfaces and Davey, Campbell & Warnock (1996)
for examination of sporulating fungal cultures.

4.2.2.2 Mycelium radial growth measurements
Six Nimbya isolates from Alternanthera and one Nimbya isolate from
Gomphrena (EC10/F/1) were selected for mycelial radial growth investigations.
Two duplicate 9cm potato-dextrose-agar (PDA) plates were inoculated in the
centre with a 3mm plug from the actively growing edge of a PDA culture for
each isolate.

Cultures were placed inverted in an incubator at 25°C and

incubated in darkness for ten days. Radial-growth/day was determined from the
average of two perpendicular diameters of each culture.

4.2.3 Conidia morphology and ddimensions
4.2.3.1 Conidia dimension measurements
Each isolate was inoculated to the centre of a 9cm sterile plastic Petri
dish containing 20mL of potato-carrot-agar growth medium (PCA) (Appendix 1).
Many isolates were also inoculated on quarter-strength-V8-juice-agar (QV8A)
and/or half-strength-V8-juice-agar (HV8A) (Appendix 1).

Cultures were

wrapped in aluminium foil to exclude light and incubated at 25°C for one week.
The dark-incubated cultures were then placed face up and unsealed in the
same temperature controlled light incubator and subjected to a constant 25°C
temperature and 12/12 hour dark/light regime under standard cool white
fluorescent lights for two weeks.
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After incubation, conidia were removed from older growth areas on the
plate, transferred to a clean microscope slide containing a drop of lacto-fuchsin
and agitated in the liquid to separate conidia. Conidia suspensions were gently
heated to remove air bubbles then covered with a No.1 cover slip. Preparations
were usually measured immediately although some were measured later with
no change in dimensions apparent. The lacto-fuchsin was allowed to dry at the
edges for at least one week before sealing with Glyceel® or Hard as Nails® and
stored for future reference. Some isolates were also repeated at a later time on
the same media for comparison of the morphology data over time and possible
variations in media batch and incubation conditions.
For each (isolate/media/time) slide, twenty-five conidia were measured
using the 40x objective of a compound light microscope and calibrated ocular
micrometer. Figure 4.1 presents the nine measurements recorded for each
conidium (conidium length, conidium width, beak length, beak width, beakswelling width, number of body cells, basal-cell width, basal-cell length, and
scar width. The minimum measurement at x400 magnification was 0.25 of one
microscope ocular micrometer unit which equated to 0.625µm.
Seven sets of secondary data were calculated from the primary data in
order to best describe each conidium (total-conidium-length, conidium-bodylength/width ratio, beak/body-length ratio, body-width/basal-cell-width ratio,
body-length/basal-cell-length ratio, basal-cell-length/width ratio, and percent of
conidia with an apical swelling of the beak).

The Maximum, Minimum and

Average statistic for each data set was also prepared. Raw data are presented
in the box-plots of Figs. 4.10 to 4.17 where the asterisk represents the median
value, the box covers 50% of the observations, the outer limits of the dashed
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lines represent the approximate 95% confidence limits and circles represent
individual measurements outside of the 95% confidence bounds.
With the considerable overlap of some conidia characteristics within the
isolate population, statistical analysis of the measured and calculated
parameters was employed to quantify the trends observed.

4.2.3.2 Univariate regression analysis
Conidia dimension data were log-transformed where appropriate and
subjected to univariate regression analysis using the function asreml (Butler
2009) in R (R Development Core Team 2010).

4.2.3.3 Principal components analysis
Further investigation employed the grouping statistic of Principal
Components Analysis using the princomp function in R (R Development Core
Team 2010). A total of 12 primary and secondary variables were used in the
principal components analysis of the isolates from Alternanthera grown on
potato-carrot agar (PCA). Eight primary variables; conidia length, conidia width,
beak length, basal cell length, basal cell width, scar width, number of body cells
and beak swelling width were used along with four secondary variables to
describe basal cell dimensions; conidia-width/basal-cell-width ratio, conidialength/basal-cell-length ratio, basal-cell-length/width ratio, and beak-swellingwidth minus-beak-width. Repeated measurements over time for eight of the
isolates were plotted and shown to group close together on the bi-plot (data not
shown) thus were averaged for the final analysis of 94 Nimbya isolates from
Alternanthera.

4.2.4 Effect of growth media on conidia characters
The above conidia characters were recorded for a subset of isolates on
both PCA and QV8A growth media (45 isolates) and HV8A (18 isolates) and
box-plots of the raw data were prepared. The individual character data sets

100

were subjected to a univariate analysis of variance using the function asreml
(Butler 2009) in R (R Development Core Team 2010).

4.3 Results
4.3.1 Nimbya isolates from Alternanthera hosts
4.3.1.1 Growth and morphology
4.3.1.1.1 General observations on morphology
Mycelium
Nimbya cultures produced pale to dark-brown septate, smooth to
verruculose hyphae 5µm in diameter (up to 7.5µm) with a slight constriction
often observed at the junction of side branches as noted by Holcomb &
Antonopoulos (1976).

A pale-orange to dark-brown diffusible pigment was

found in the agar growth medium (Figs. 2.17, 2.19 and 4.3) and typical growth
patterns are shown in Figure 4.2. Growth pattern of Nimbya from Gomphrena
celosioides in the Northern Territory differed by dark areas on PCA due to the
formation of darkly pigmented hyphae (Fig. 4.4).
Chains of smooth, swollen cells up to 10µm wide as reported by
Holcomb & Antonopoulos (1976) were observed in the 5µm wide hyphae of N.
alternantherae type isolate (isolate 68 = ATCC32833) and other isolates from
Baton Rouge USA (isolates 63-67 = EGS52-021 to 025).

Another form of

catenulate cell growth characteristic of many isolates from Brisbane and the
Newcastle/Williamtown area was also observed. Numerous branched chains of
small, pyriform to oblong, 0 to 2 septate, verruculose conidia 7.5 x 20µm long x
5-10µm wide bearing a resemblance to small-spored Alternaria species were
produced from conidiophores in PCA growth sectors where heavily ornamented
narrow “macro” conidia were also produced (Figs. 4.6 and 4.7). The chains
were rare elsewhere. Conidia were easily detached and characterised by a
single basal scar and one apical pore (with 2 or 3 pores on “ramo” conidia
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forming a branch) from where the next conidium was formed.

A multi-

distoseptate “macro” conidium was often produced at the apex of the chain.
Both euseptate and distoseptate transverse septa could be found with the basal
cell exhibiting a verruculose outer wall and the apical conidiogenous cell wall
smooth. The conidia were capable of germination upon transfer to water agar
media (Fig. 4.5).
Conidiophores
Conidiophores were simple or branched at the base, with a single apical
conidiogenous cell and pore or often geniculate with several conidiogenous loci
each subtending a septum (Figs. 4.7 and 4.8).

Many grew terminally from

hyphal elements but others emerged at right-angles to the hyphae or
conidiophore.

Most isolates produced smooth conidiophores however there

were a few exceptions (observed in some isolates from AW6, 8, 18, 20 and
HSAUP2798 from China) where conidiophores were smooth toward the apex
and punctiform below.
During the collection of data on conidia morphology, 70 conidiophores
were measured from 40 isolates (n = 1 to 5 per isolate) of Nimbya from
Alternanthera hosts growing on PCA media. Conidiophore dimensions were
25-(Av. 88.8µm)-175µm long by 5-(Av. 6.2µm)-8.8µm wide and intra-isolate
variation was similar to that between isolates. Conidiophores of the neotype
isolate of N. alternantherae (isolate 68 = ATCC32833) were 42.5-(Av. 64.2µm)105µm long by 5-(Av. 6.7µm)-7.5µm wide (cf 30-54 x 5.5-8µm in Holcomb &
Antonopoulos 1976) and those of the N. perpunctulata type (isolate 61 =
EGS51-130) were 45-(Av. 52.5µm)-62.5µm long by 6.25µm wide (cf 70-125 x 47µm in Simmons 2004).
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Conidium ornamentation
Simmons (1995) describes the conidium walls of N. alternantherae as
“…essentially smooth; only rarely does a conidium have minor areas of
perpunctulate roughness” and Simmons (2004) describes the even and
conspicuous perpunctulate conidial ornamentation of N. perpunctulata as a
diagnostic character to separate the two species isolated from the same host.
The filamentous beaks of both Nimbya species are smooth as were the beaks
of all conidia examined in this study. The vast majority of isolates examined
here including the N. perpunctulata holotype exhibited a perpunctulate to
verruculose ornamentation over the entire conidia body (Fig. 4.9-G). A small
number (7%) including AW51/1/1 from A. sessilis in Queensland, resembled the
conidium body ornamentation of the N. celosiae isolates being punctiform to
verruculose in the basal third or half and smooth above. An equally small group
of isolates (9%) had finely punctiform to smooth conidia bodies. The neotype of
N. alternantherae was in this latter group exhibiting both smooth conidia and a
portion of the conidia population with a finely punctiform basal ornamentation.
4.3.1.1.2 Conidial germination
Germination of Nimbya conidia was reported in Chapter Three (section
3.3.3 and Table 3.3). Conidia germinated from multiple cells along the conidium
body and also from attached or detached beaks (Fig. 4.9-H). Average number
of germ tubes per conidium after 17 hours incubation at 20°C ranged from 1.2
to 5.4 and germ tube length varied from 3.2 times to 6.1 times the conidium
body length (Table 3.3). A compensatory effect may be expected with longer
germ tubes from conidia with fewer germ tubes however there appeared to be
no close relationship between the two variables.

108

4.3.1.1.3 Mycelial radial growth measurements
Radial growth data of seven Nimbya isolates is presented in Table 4.4.
Analysis of variance (ANOVA) was highly significant (p < 0.001).

Isolate

AW17A/2/3 had the slowest growth followed by AW8A/1/1 and AW6A/2/1. The
other three isolates from Alternanthera and the one isolate from Gomphrena
had a faster growth rate and were indistinguishable from each other (Table 4.4).
Morphology
Isolate
Code

Isolate
Code

Radial
Growth
(mm/day)

7

AW6A/2/1

6.21

13

AW8A/1/1

5.16

34

AW15A/1/1

7.43

39

AW17A/2/3

4.03

-

AW23A/1/5

7.35

58

EC11/1

7.54

57

EC10/F/1

7.28

c
b
d

a
d
d

d

Table 4.4 Radial growth (mm/day) of seven Australian Nimbya isolates. Predicted means from
ANOVA. Letters a to d are LSD ranking at 5% confidence level. Standard Error = 0.1747.

4.3.1.2 Conidium morphology and ddimensions
4.3.1.2.1 Conidial dimension measurements
Only basal-cell-length and the log transformed ratio of basal-cell-length
to width showed no significant difference (p = 0.05) between isolates.
Conidium beak length
Simmons (2004) cited conidia beak length, particularly the upper limit as
an important criterion for distinguishing N. alternantherae from N. perpunctulata.
Nimbya alternantherae produced filamentous beak lengths ranging from 350 to
470µm whereas those of N. perpunctulata were much shorter at 100 to 210µm
(Simmons 2004). In this study, maximum beak lengths (being the longest of the
25 conidia measured) of isolates from Alternanthera grown on PCA ranged from
90 to 750µm (Fig. 4.18). Relatively few isolates had conidia beaks above or
equal to the dimensions for N. alternantherae with most ranging from 90 to
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332µm including the neotype of N. perpunctulata (Fig. 4.18). Minimum beak
lengths were less variable and thus underestimated the mean of some isolates.
The log-transformed isolate means were significantly different (p = 0.05) and
the predicted isolate means from the univariate regression analysis are
presented for comparison in Figure 4.10. Figure 4.10 also compares the box
plots of sampled raw data (in µm) of a selected set of isolates including the
holotype of N. alternantherae (Isolate 68). Isolate 82 (AW51/1/1 from A. sessilis
in Queensland) has a similar range and maximum beak length to N.
alternantherae whereas isolate 65 (EGS52-023 also from alligator weed in the
USA) is clearly dissimilar.

Isolate 5 (AW4E/1/1 from alligator weed in the

Sydney Basin) also covers the range of N. alternantherae although with a larger
maximum beak length and all of the remaining selected isolates are
characterised by a lower maximum beak length. Isolate 58 and isolate 88 are
EC11/1 from A. denticulata in the Northern Territory and AW57/1/1 from A.
ficoidea in North Queensland respectively and isolates 56 and 35 are parents of
siblings represented by isolates 71, 74 and 75. Further, isolate 74 (AW32/1/2
SA) and isolate 75 (AW32/1/2 SB) represent growth sectors taken from a single
colony and both exhibit a similar range in beak length. Similarly isolate 87
(AW52/5/13 SB) and isolate 86 (AW52/5/13 SA) represent growth sectors taken
from a single colony from A. sessilis in Queensland (compare to isolate 82).
Finally isolate 61 is the neotype of N. perpunctulata and clearly different in beak
length from N. alternantherae. Conidium-Beak-Length : Conidium-Body-Length
Ratio (Fig. 4.16) means were also significantly different (p = 0.05) exhibiting a
similarity to Figure 4.10 due to the significance of beak length as body length
was not significant. The same set of isolates was used for comparison of other
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conidia characters below and is summarised in Table 4.5 presented for
reference on the page before Figure 4.10.
Conidium beak swellings
Conidial beak width among isolates varied little from a mean of 2.5µm.
Simmons (1995) described a characteristic and conspicuous swelling of the
beak apex in N. alternantherae but no mention of this character was made for
N. perpunctulata (Simmons 2004). The beak swellings in N. alternantherae did
not necessarily remain terminal as Simmons (1995) described “…for intermittent
renewal of beak growth often results in 5-6 successive regions of narrow beak
interrupted by a series of apical swellings…”. The majority of isolates in this
study produced conidia with only a single terminal apical swelling and
differences between isolates for the log transformed data were significant (p =
0.05).

A few isolates did not exhibit any apical swelling (eg Isolate 35 =

AW15A/2/1) and only the neotype of N. alternantherae (ATCC32833), EGS52024, AW32/3/1 and one isolate from G. celosioides in the Northern Territory
produced the intermittent growth renewal and subsequent swelling pattern as
described by Simmons (1995). Only four percent of N. perpunctulata conidia
exhibited an apical swelling.
The terminal beak swellings were more numerous and pronounced on
QV8A than PCA growth media (QV8A data not shown). Beak swellings on PCA
were mostly 4-6µm and up to 9µm in diameter on a 2.5µm beak and incidence
within a population ranged from 0% to100% (Fig. 4.22).

Most isolates had

either a low incidence of swellings (0-20%) or medium (21-69%) and only a few
including isolate 68 (N. alternantherae type ATCC32833) and isolate 82
(AW51/1/1 from A. sessilis in Queensland) ranged from 70-100% (Fig. 4.22).
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Conidium body dimensions
The conidium of N. alternantherae is “robust, fat and sausage like” and
mostly around 20µm wide (EG Simmons, pers. comm. 2003).

Holcomb &

Antonopoulos (1979) reported conidium body dimensions for Alternaria
alternantherae = N. alternantherae as 40-(Av. 110)-160µmx10-(Av. 18)-25µm.
Simmons (2004) gave the dimensions as 80-115x18-20µm for Nimbya
alternantherae and 80-100x10-14µm for N. perpunctulata.

The obvious

difference in width between N. alternantherae (Isolate 68) and N. perpunctulata
(Isolate 61) is evident in Figure 4.11 as is the similarity of N. alternantherae to
AW51/1/1 (Isolate 82). Univariate analysis of conidia length found significant
differences between isolate means of conidia body width (p = 0.05). Thirty-five
of the 85 isolates (41%) had at least one conidium with a breadth of 20µm or
greater (data not shown) although means were much lower (Fig. 4.11).
Conidium body length differences were not as marked between N.
alternantherae and N. perpunctulata with 80-115µm and 80-100µm cited
respectively by Simmons (2004). This difference is exaggerated in the upper
limits shown in Figure 4.12 with N. alternantherae and other isolates (Isolates
82 and 5) registering conidia body lengths much longer than reported by
Simmons (2004).

Isolate means of conidial body length were significantly

different (p = 0.05) and similarly the ratio of conidium body length to width (Fig.
4.17) although the ratio produced a result for N. perpunctulata similar to that of
N. alternantherae (Fig. 4.17 compared to Figs. 4.11 and 4.12). Total conidium
length was also significant (p = 0.05) and was mainly driven by beak length
(Note similarity of Fig. 4.15 to Fig. 4.10).

In Figure 4.15, isolates 68

(ATCC32833 N. alternantherae), 82 (AW51/1/1 from Queensland) and 5
(AW4E/1/1 from the Sydney Basin) are clearly different from the rest including
N. perpunctulata.
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Body cell number
Analysis of the average number of body cells per conidium was
significant between isolates (p = 0.05).

However, again due to the range

encountered in an isolate, possibly the upper limit is a better measure than the
average. Conidia of Nimbya alternantherae contain 6-10 body cells (Simmons
1995) while commonly ten and up to twelve are not rare (EG Simmons, pers.
comm. 2003). Conidia cell numbers of ATCC32833 in this study ranged from 712 with an average of ten (Fig. 4.13). Only isolate 82 (AW51/1/1 similar to
ATCC32833), isolate 5 (AW4E/1/1) and isolate 58 (EC11/1) had at least one
conidium with total body cells up to this number in Figure 4.13. Most had a
maximum of nine or less cells similar to N. perpunctulata (isolate 61) (Fig. 4.13).
The lumen within the distoseptate cells of different isolates was either
very angular and hexagonal to octagonal within an extended matrix or oval to
globose and almost filling the cell (Fig. 4.9). Transverse eusepta developed
within older conidia. Only a few constricted eusepta were observed on most
conidia although some isolates exhibited a deep constriction at each euseptum.
Oblique or longitudinal eusepta were not observed in any conidia however an
oblique or longitudinal division of the lumen as noted by Simmons (1995) was
observed in 62% of the isolates (Fig. 4.9-D and E). Isolate 16 (EC11/1 from A.
denticulata NT) had the highest incidence of conidia with oblique/longitudinal
divisions at 60%. Isolates 96 (HSAUP2798 from NZ) and isolate 91 (AW58/6/1
from A. ficoidea FNQ) both had an incidence of 40% whereas the two samples
of the N. alternantherae type isolate (isolate 68, ATCC32833) had an incidence
of 20% and 38% respectively. A smaller number of these conidia had up to 4
oblique/longitudinal divisions per conidium. The majority of isolates had conidia
with either 0, 1, or 2 oblique/longitudinal divisions per conidium. In populations
where the incidence of conidia with oblique/longitudinal divisions was equal to
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or higher than 20% then conidia with 3 to 5 oblique/longitudinal divisions were
also observed. There was no correlation with other conidial characters (data
not shown) and the total incidence of conidia with oblique/longitudinal divisions
averaged over the 101 samples on PCA media (2525 conidia observed) was
just 8%. This equates to just two conidia in a 25 conidium sample.
Basal cell dimensions
Basal cell width, length and associated ratios are illustrated in Fig. 4.14-A
to E. Basal cell length was highly variable within isolates (Fig. 4.14-A) and
showed no significant differences between the means.

However basal cell

width was significant (p = 0.05) but was linked to conidium width (compare Fig.
4.14-B with Fig.4.11). The basal cell length to width ratio (basal cell width was
measured at the septum (see Fig. 4.1) was not significantly different between
isolates although trends can be seen in Figure 4.14-C. Simmons stated N.
celosiae had a significant number of conidia in the population with an elongated
and relatively narrow basal cell. Isolate 5 was shown to have a proportion of
the population with such cells (Fig. 4.9-F). The conidium-width to basal-cellwidth ratio in Figure 4.14-D clearly illustrates the narrow basal cells of isolate 5
compared to the others and the analysis of all isolate means was significant (p
= 0.05). The narrower cells of N. perpunctulata (Fig. 4.14-B) are a function of
the much narrower conidia of this isolate and not elongated cells compared to
conidia width per se.
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4.3.1.2.2 Principal components analysis of conidia
dimensions of Nimbya isolates from
Alternanthera
The first, second and third principal components explained 31%, 57%
and 72% of the variation respectively. Figure 4.19 shows the bi-plot of the first
two principal components for 94 Nimbya isolates obtained from Alternanthera
species grown on PCA. Most isolates are observed to cluster in one large
group. Notable exceptions were isolate 61 (N. perpunctulata) to the bottom of
the plot and isolates 68 and 82 (N. alternantherae ex-type and an isolate with
similar morphology from Queensland respectively) to the top (Fig. 4.19). Figure
4.20 represents the same bi-plot with annotations explaining the formatted
groups of isolates from various origins. Inspection of the position of isolates on
the plot by geographic origin of the host reveals the presence of some subgroups. If Figure 4.20 is divided into four segments (quarters), the isolates from
the Sydney Basin cluster into the bottom-left quarter whereas all isolates from
Queensland and China (with the notable exception of isolate 82 similar to
ATCC32833) cluster in the top-right quarter.

The five isolates from Baton

Rouge USA cluster close together in the lower half and are clearly separated
from the two other Nimbya isolates from Baton Rouge (isolate 68 N.
alternantherae ATCC32833 and isolate 61 N. perpunctulata EGS51-130).
Isolates from Port Stephens and Newcastle show no particular pattern whereas
the parents and siblings of the isolates 35x56 mating all cluster in the bottomright quarter (Fig. 4.20).

4.3.1.3 Effect of growth media on conidia characters
The effect of growth media on conidial dimensions was most pronounced
between PCA and QV8A. Some isolates showed no change on the different
growth media whereas others, depending on the isolate, were either positively
or negatively affected.

The beak tip swelling where present on PCA was
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usually larger and more numerous on the V8 media with a significant positive
correlation in the analysis (p = 0.05). A significant negative correlation (p =
0.05) was shown for conidial body length and width, total conidia length and
most of the basal cell dimensions and computed ratios whereas beak length
was positively correlated (p = 0.05) only for the PCA:QV8A comparison and no
significant difference when PCA was compared to HV8A. Box-plots displaying
the spread of measurements for beak length on both PCA and QV8A are
presented in Figure 4.21. No other box-plot figures are shown due to space
constraints.

Although there is a significant positive correlation between the

means of isolates on the two growth media larger differences can be observed
in the maximum values recorded.

4.3.2 Nimbya isolates from other hosts
Nimbya from other amaranthaceous hosts
When

conidial dimension

data

of

Nimbya

species from

other

amaranthaceous hosts is incorporated into the dataset for principal components
analysis, the resultant bi-plot (data not shown) cannot discriminate most of the
Nimbya isolates from other amaranthaceous hosts from those isolated from
Alternanthera. The two N. gomphrenae isolates from Gomphrena celosioides in
the Northern Territory clustered together as outliers far away from the other N.
gomphrenae isolate (MAFF328855) which remained undifferentiated from the
Nimbya from Alternanthera main group. One N. celosiae isolate stood further
out than isolate 5 in the left hemisphere but the other was within the main
group. Likewise the Nimbya ex Ptilotus could not be differentiated from the
main group of Nimbya from Alternanthera isolates in the bi-plot.
differences at the host genus level were observed.
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Nimbya celosiae from Celosia spp. (Amaranthaceae)
In addition to the shape and dimensions of conidia described by
Simmons & Holcomb, the two N. celosiae isolates examined had shorter and
wider conidiophores than the Nimbya from Alternanthera isolates (27.5-50µm x
6.75-10µm compared to ATCC32833 at 42.5-105µm x 5-7.5µm) and were also
characterised by tuberculate ornamentation on the narrow hyphal stalk just
below the conidiophore. Both isolates also exhibited conical basal cells under
the local laboratory growth conditions.

The narrow and long basal cells

described by Simmons & Holcomb in Simmons (1995) were the dominant form
in the USA isolate (EGS42-013) however all basal cells of the isolate from
China (HSAUP4055) were conical with almost straight walls. The conical basal
cells were also observed in the same isolate by Zhao & Zhang (2005) as
illustrated in their publication.
Nimbya gomphrenae from Gomphrena spp. (Amaranthaceae)
The smooth, dark conidia of the three isolates examined matched the
descriptions of the two types of conidia described in Simmons (1989). The dark
conidiophores and the dark to almost black hyphae and resultant differences in
mycelial growth (Fig. 4.4) differentiate this species from those from
Alternanthera.
Nimbya sp. from Ptilotus macrocephalus (Amaranthaceae)
According

to

the

herbarium

notes

accompanying

this

isolate

(BRIP15986), it was first identified as Alternaria gomphrenae Togashi by CAB
International Identification Services in 1988.

The report (Report No.

H1078/87/YA3) by Mr J David on 7th January 1988 stated “differs from
Alternaria pimpriana in lacking longitudinal septa, and the smaller size of the
conidia”. Alternaria gomphrenae was later transferred to Nimbya gomphrenae
by Simmons (1989) and a later BRIP herbarium note written by Simmons in
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September 1995 states “Not N. gomphrenae. This is different from any Nimbya
I have seen to date. (What is it with Amaranthaceae, all these Nimbya spp.?)”.
Conidial dimensions measured from isolate BRIP15986 were 36-(Av.
60)-100µmx11-(Av. 15)-20µm; beaks were 23-(Av. 76)-113µmx2-4µm and the
total length was 88-(Av. 136)-213µm, with 4-9 transverse distosepta and a few
transverse eusepta through the conidium body.
Alternaria pimpriana V.G. Rao mentioned in the CAB report had conidia
dimensions of 205.8-260.5µmx12.5-17µm with 5-13 transverse and 1-2
longitudinal distosepta (Simmons 1995). Although no transverse eusepta were
described by Rao, Simmons (1995) examined the two remaining conidia of the
designated lectotype for transfer to Nimbya pimpriana and observed 1-3
transverse eusepta through the 7-9 transverse distosepta but no sign of
longitudinal septation.

The species was originally described from Celosia

(Amaranthaceae) in India and later, Das & Chattopadhyay (1991) observed
isolates of the same species from Alternanthera sessilis (Amaranthaceae) also
in India with conidia and beak 100-265µmx7-15µm, up to 11 transverse septa
and, although they mentioned 1-2 longitudinal septa, they were not included in
the illustrations.
Nimbya crassoides (J.J. Davis) Simmons is a further species described
from Amaranthaceae (host Froelichia floridana (Nutt.) Moq.) with conidia bodies
65-90µmx15-20µm, beaks 40-60µmx2µm and a total conidia length of 150µm or
more (Davis’ description of conidia was 100-165µmx13-17µm) (Simmons 1995).
One to four transverse eusepta were observed in the 7-9 transverse distosepta
per conidium (Simmons 1995).
From the conidial description and dimensions given in Simmons (1995),
the Nimbya isolate from Ptilotus macrocephalus (BRIP15986) appears to be an
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isolate of N. crassoides. Although Simmons published both N. pimpriana and
N. crassoides in July- September 1995 (Simmons 1995), he apparently would
not agree with this diagnosis as he would have been aware of N. crassoides
when writing his aforementioned note to BRIP dated September 1995.
Nimbya from monocotyledonous hosts Scirpus and Carex
Nimbya scirpinfestans (EGS49-185), Nimbya scirpivora (EGS50-021)
and an unidentified Nimbya species from Carex secta in New Zealand
(ICMP11417) exhibited differences in conidial morphology to those from
amaranthaceous hosts.

When incorporated in the principal components

analysis dataset the resultant bi-plot (data not shown) confirmed the different
conidia morphology of these species by grouping together and far from all
Nimbya isolates from amaranthaceous hosts. This difference in the bi-plot was
mainly due to the considerably shorter and narrower conidia of the three
monocotyledonous isolates. Conidia of the N. scirpinfestans isolate were 40(Av. 65.9)-103.1µm x 5-(Av. 7.4)-10µm and N. scirpivora were 53.8-(Av. 73.7)98.8µm x 5-(Av. 7.9)-9.4µm. Conidial dimensions of the two species along with
sepatation and shape and dimensions of the tapered beaks agreed with the
descriptions in Johnson et al. (2002). The isolate of Nimbya from Carex secta
in New Zealand (ICMP11417) with total conidia dimensions of 52.5-(Av. 67.2)95µm x 6.3-(Av. 7.5)-11.3µm, along with the tapered beak and septation was a
close match to N. caricis EG Simmons described from Carex hoodii in the USA
(Simmons 1989).

The lack of conidia with a filamentous beak, the smaller

conidial dimensions and dark, slightly exerted hilum scar separate the
monocotyledonous Nimbya species examined from those with amaranthaceous
hosts.
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4.4 Discussion
4.4.1 Nimbya species from other hosts
From the published descriptions of N. celosiae and N. gomphrenae,
some Nimbya isolates from Alternanthera, particularly those from the Sydney
region, appeared to possess at least some conidial characters suggesting a
possible affinity with either species. While principal components analysis was
not definitive, comparison of the living N. celosiae isolates (EGS42-013 and
HSAUP4055) with those from Alternanthera in the survey confirmed only a
slight resemblance to some isolates from Alternanthera (eg isolate 5 =
AW4E/1/1) and could be differentiated on conidia dimensions and shape, the
conical basal cell exhibited in this study and the size and ornamentation of
conidiophores. This comparative study demonstrated that N. celosiae was not
found on Alternanthera in the Australian survey.
The three available cultures of N. gomphrenae were also compared with
the Nimbya isolates from Alternanthera. The N. gomphrenae isolates were of
two forms as described in Simmons (1995). The smooth and narrow conidia of
the two isolates from G. celosioides in the Northern Territory matched the
isolates from Cambodia, India, Japan Indonesia and the West Indies observed
by Simmons (1989) and the other isolate (MAFF328855) appeared similar to
Simmons’ “disconcertingly different” isolate from Thailand (Simmons 1995).
However in the comparative study all three isolates could be distinguished from
those from Alternanthera by conidia, mycelial and conidiophore characters and
thus N. gomphrenae was not isolated in the survey from Alternanthera in
Australia.
The Nimbya isolate from Ptilotus in Queensland obtained from BRIP
differed in conidial characters from all other Nimbya isolates examined and
agrees with the description of N. crassoides described from Froelichia floridana
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in the USA. Froelichia floridana was probably introduced into Australia as a
contaminant of pasture seed in the 1950’s, was established by the 1970’s and is
now naturalised in central and southern Queensland (Kleinschmidt 1979;
Csurhes & Zhou 2008). Although no isolations of Nimbya have been recorded
on this host in its naturalised range, it may be the means of introduction of N.
crassoides into Queensland with a possible host-jump to Ptilotus. Unfortunately
no living cultures were available from culture collections for comparison and an
attempt to isolate it from the host in Florida with the assistance of Dr
Charudattan and his laboratory at the University of Florida Gainesville was not
successful. All three Nimbya species examined from monocotyledonous hosts
were markedly different from those from amaranthaceous hosts and could not
be confused.

4.4.2 Nimbya from Alternanthera
The description of Alternaria alternantherae was based on ATCC32833
(Holcomb & Antonopoulos 1976) and contains the following elements:- Conidia
smooth to inconspicuously verruculose; conidium body 40-(Av. 110)-160 µm x
10-(Av. 18)-25µm, 5-17 (mostly 6-10) transverse septa with a slight constriction,
basal cell rounded, one longitudinal septum (rarely two) present in 10% of
conidia; conidium beak smooth, 60-(Av. 225)-400µm x 3.5-5.5µm, 2-14
septate, not branched, often swollen at the tip; body plus beak 120-(Av. 338)510µm, all conidia cells and beak cells capable of germination; conidiophores
short, rarely branched, lateral or terminal, with 2-5 cells, 30-54µm long; Hyphae
smooth.

Simmons (1995) on assignment of the fungus to Nimbya

alternantherae reported conidium body dimensions of 80-115 x 18-20µm with
septate, filiform, beaks 350-470 x 2-4µm. The “essentially smooth conidium
walls with only rare and minor areas of punctulate roughness” reported on the
two isolates examined by Simmons (1995) along with differences in conidium
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dimensions were the main criteria used in excluding the Nimbya isolates found
on Alternanthera in NSW from N. alternantherae (EG Simmons, pers. comm.
2003).
The observations made on ATCC32833 under local laboratory conditions
were comparable to the description of N. alternantherae however only one
culture isolated in the survey from A. sessilis in Queensland (AW51/1/1 =
morphology isolate code 82) could be included within this species description
and nested close to it in the PCA bi-plot. However many conidia of isolate 82
were finely punctulate all over or in the bottom third of the conidia body only.
Co-incidentally isolate 82 was also from Queensland where the culture isolated
by Alcorn from A. denticulata was also found (Simmons 1995). A few Sydney
Basin isolates were of similar dimensions in beak length etc but lacked the
conidia width, were considerably more verruculose, and their basal cell was
suggestive of N. celosiae rather than the rounded basal cell of N.
alternantherae.
All other Nimbya isolates from the survey could not be placed within the
description of N. alternantherae sensu Simmons. Many isolates had narrower
conidia bodies and shorter beaks than N. alternantherae as well as conspicuous
punctulate ornamentation.

Many isolates could be placed within N.

perpunctulata on beak length and ornamentation although conidia body
dimensions were larger.

However a number of isolates with conidia widths

closer to N. alternantherae were observed to produce aberrant sectors on PCA
with heavy ornamentation and much narrower conidia bodies as in the
description of N. perpunctulata. Given that N. perpunctulata was described
from an isolate sent to Simmons by a colleague claiming it to be ex-type A.
alternantherae

(EG

Simmons,

pers.
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comm.

2003)

suggests

that

N.

perpunctulata may be based on a radical morph of N. alternantherae. If this is
the case, all Nimbya isolates from Alternanthera may well be included within a
wider definition of N. alternantherae.

Both N. alternantherae and N.

perpunctulata were isolated from A. philoxeroides in the same area of Baton
Rouge Louisiana USA and their descriptions may only be based on two
extremes of conidia morphology as demonstrated in the PCA bi-plots (Figs.
4.19 and 4.20). The clustering within quadrants of the bi-plot (Fig. 4.20) of
some isolates correlating with geographic areas, could be the result of a
“bottleneck” effect accompanying distribution or genetic drift caused by
geographic isolation.

4.4.3 Critique of experimental technique
Width of conidia tended to be overestimated in the study as conidia were
measured at their widest cell and many samples were shaped as in the
example in Figure 4.9-D therefore not a true estimation of the width for
comparison with the “sausage like” description of Simmons. Statistics on width
of conidia did not account for the different shaped conidia observed in different
isolates as some had parallel sides some were widest near the middle and yet
others widest at the basal cell.

There were also possible problems with

measurements of conidia length, beak length and number of body cells as the
two basal cells of the beak, below which a break was often observed,
sometimes enlarged to full sized body cells and were measured as such.
Measurements contained a range of conidia sizes encountered in the field of
view.

Simmons reported dominant mature conidia dimensions of N.

alternantherae (Simmons 1995). The isolate means presented in this study
were an underestimate of size as immature and smaller conidia were included
in the data. A few isolates also presented a problem in the measurement of
mature conidia; for example isolate 9 (AW6C/1/1) had many broken-off beaks in
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the sample up to 500µm long whereas the intact conidia measured include
beaks less than half that length.
Some dimensions (eg conidiophore length and conidia beak and body
dimensions) did not exactly match with the observations of other workers.
Simmons stated problems with trading exact dimensions due to differences in
growth conditions of different laboratories and observation bias (EG Simmons,
pers. comm. 2003; Simmons 2007). However comparisons within this study are
valid as the same media and growth conditions were used throughout for all
isolates. Growth on different media was shown to have a positive or negative
effect on conidia dimensions therefore all quoted measurements in the study
were observed only on PCA. Although only a small sample of isolates was
tested, some evidence of differences in growth rate was found which could be
further utilised in studies of possible differences in disease development and/or
propagule development.

4.4.4 Conclusion
This has been the largest morphologic study to date of Nimbya from
amaranthaceous hosts. Nimbya from Alternanthera appear to be quite plastic in
conidial dimension, shape and ornamentation and the two described species
appear to be outliers of a single species especially since they were described
from only a few isolates.

Further the chains of “Alternaria-like” conidia are

described here for the first time and illustrate the close relationship of the
Nimbya and Alternaria form genera. A similar type of conidiation was observed
in N. scirpivora by Simmons (Johnson et al. 2002). Evidence points towards a
single species of Nimbya for all isolates from Alternanthera however further
investigations into the production of a teleomorph and molecular analyses are
needed to establish the extent of the species on Alternanthera.
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Chapter Five:

Production of a teleomorph for
amaranthaceous Nimbya isolates
5.1 Introduction
5.1.1 The Macrospora – Nimbya connection
Many fungi where the fungal holomorph (whole fungus) may not be
known are subject to a dual-classification system with a different name for both
the asexual stage (anamorph) and/or the sexual stage (teleomorph) where
known (Weresub & Hennebert 1979; Reynolds 1993; Holliday 1998). Known
teleomorphs of Nimbya are currently placed in the genus Macrospora Fuckel
(Division Ascomycota, Order Pleosporales Lutterell ex M.E. Barr) (Simmons
1989). However the placement of Macrospora into a family of the Pleosporales
has been problematic. Barr (1979) placed Macrospora in the Pyrenophoraceae
where it remained in her later work (Barr 1990). Shoemaker & Babcock (1992)
transferred the genus to their newly erected family Diademaceae on the
grounds of the nature of the ascomal opening and the applanodictyosporous
ascospores however Eriksson & Hawksworth (1993) with their revised sense of
Diademaceae, reassigned it to Pleosporaceae due to the “somewhat applanate”
ascospores and the hyphomycetous anamorph Nimbya akin to other
anamorphs within the Pleosporaceae. Simmons (1989) provided an informative
early history of the genus including its previous synonymies with both
Pyrenophora Fr. and Pleospora Rabenh. Ex Ces. & De Not..

Eriksson &

Hawksworth (1991) questioned Simmons’ reintroduction of Macrospora as the
teleomorph for Nimbya citing similarities to Pyrenophora although these were
discussed by Simmons at the time.
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Nimbya, (the anamorphic state of

Macrospora) is morphologically close to Drechslera Ito where Simmons (1989)
opted to previously place them and phylogenetically close to the form genus
Alternaria (Pryor & Bigelow 2003) both with teleomorph connections to the
Pleosporaceae Nitschke.

In von Arx & Müller (1975) the Pleosporaceae

contained a total of 77 genera, but by 2001 this number had been reduced to 17
genera with 111 species (Kirk et al. 2001).

In the most recent outline of

Ascomycota (Lumbsch & Huhndorf 2010) Macrospora is one of just thirteen
genera currently listed within the Pleosporaceae in part due to the work of
Kodsueb et al. (2006).

The family also includes Lewia M.E. Barr & E.G.

Simmons (anamorphs are members of the Alternaria infectoria group) and
Pyrenophora Fr. (anamorphs are members of Drechslera).
Zhao & Zhang (2005) list 17 species of Nimbya in their review of the
genus. Six of these parasitise hosts in the family Amaranthaceae. Five other
species cause disease on one each of the five dicotyledonous families
Asteraceae, Caryophyllaceae, Euphorbiaceae, Fabaceae and Solanaceae. The
remaining six species are pathogens of the monocotyledonous families
Cyperaceae (Carex spp. Scirpus spp. and Eleocharis spp.) and Juncaceae
(Juncus sp.). Of these six species with an affinity for monocots four have been
shown to have a teleomorph connection (Lucas & Webster 1964; Simmons
1989; Johnson et al. 2002).

Three species with Cyperaceae hosts are

connected with Macrospora (The type Nimbya scirpicola (Fuckel) E.G.
Simmons with the type Macrospora scirpicola (DD.:Fr.) Fuckel; N. scirpinfestans
E.G. Simmons & D.A. Johnson with M. scirpinfestans E.G. Simmons & D.A.
Johnson; N. scirpivora E.G. Simmons & D.A. Johnson with M. scirpivora E.G.
Simmons & D.A. Johnson). The other, N. juncicola E.G. Simmons has been
connected to Pleospora valesiaca (Niessl) Muller by Lucas & Webster (1964)
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and to date Simmons (1989) has been reluctant to unravel the taxonomy and
possibly also place this taxon with a yet to be redescribed Macrospora. Only N.
caricis E.G. Simmons and N. heteroschemos (Fautrey) E.G. Simmons both with
Carex hosts remain without a teleomorph connection. Shoemaker & Babcock
(1992) list three Macrospora species, M. typhicola (Cooke) Shoemaker &
Babcock pathogenic to yet another monocotyledonous family, Typhaceae, as
well as M. scirpi (Fries ex Rabenhorst) Shoemaker & Babcock, and the type M.
scirpicola but do not mention anamorph connections.

Further to this no

teleomorph connections have been found for any of the eleven Nimbya species
from dicotyledonous hosts.

5.1.2 Heterothallism vs. Homothallism
All Macrospora species so far described are considered to have a
homothallic mating system (Lucas & Webster 1964; Johnson et al. 2002) where
“a single genome can give rise to mycelium which can reproduce sexually”
(Holliday 1998). However all Macrospora species with a Nimbya anamorph
connection are only known thus far from in vitro laboratory studies and not yet
found in nature (Harada et al. 1992; Johnson et al. 2002). Bipolar physiological
heterothallism is the norm within the Ascomycota where two morphologically
indistinguishable strains contain either a “plus” or “minus” allelomorph (Holliday
1998) or idiomorph (Metzenberg & Glass 1990) and both opposite strains are
required for meiosis. Many genera in the Pleosporales contain representatives
of both mating systems. Yun et al. (1999) describe the mechanism for the
evolution of the homothallic life style from heterothallic ancestors while Berbee
et al. (2003) and Inderbitzen et al. (2005) demonstrate the existence of the MAT
gene idiomorphs in genera within Pleosporaceae.
More than 15,000 species of fungi including important plant pathogens
such as Fusarium oxysporum and the close relative of Nimbya, Alternaria
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alternata have no known sexual stage although it has been shown that their
genomes contain the necessary MAT genes (Arie et al. 2000).

However

Berbee et al. (2003) revealed a history of recombination within presumed
asexual species of Alternaria suggesting cryptic or extremely rare mating
events.

It is not known whether the Nimbya species without teleomorph

connections also share a cryptic heterothallic lifestyle or are truly asexual
through the loss of ability to mate due to mechanisms such as mutation or
reversal of a MAT gene etc.
Determination

of

the

teleomorph/anamorph

connection

can

be

advantageous in revealing the true biological relationship between taxa thus
allowing further assumptions to be made based on a lineage.

Significant

taxonomic input can be required for investigations into the plant pathogens used
for biological control of weeds (Samson 1995).

The large number of living

isolates of Nimbya from Alternanthera available in this study provided an ideal
opportunity to investigate possible sexual compatibility and further to attempt
crosses with the type isolates of N. alternantherae and N. perpunctulata in order
to determine if they are all members of one or more biological species. A
further benefit for the discovery of a sexual stage of an inundative biocontrol
candidate is the utilisation of sexual recombination to screen for improved
isolates.

As an example, TeBeest, Cisar & Spiegel (1995) working with

Colletotrichum gloeosporioides f.sp. aeschynomene, a biocontrol candidate for
northern jointvetch (Aeschynomene virginica), were able to utilise the
heterothallic teleomorph Glomerella cingulata to investigate variation within F1
progeny.

Accordingly, mating studies were conducted with a range of

presumed heterothallic Nimbya isolates in an attempt to produce one or more
teleomorph states.
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5.2 Methods
A technique adapted from Nelson (1957) was used to mate heterothallic
isolates. Agar plugs of the two prospective crosses were inoculated one at
each side of a 9cm plastic Petri dish containing lengths of sterilised alligator
weed stem immersed in 20mL of potato-carrot-agar (PCA) medium.

5.2.1 Isolates tested
A total of 54 isolates were selected for the mating studies.

They

consisted of 44 Nimbya isolates from Alternanthera in Australia, New Zealand
China and USA, three N. gomphrenae, two N. celosiae one Nimbya from
Ptilotus, one each of N. scirpinfestans and N. scirpivora and two isolates of
Alternaria alternata from alligator weed (Table 5.1).

Refer to Table 4.3 in

Chapter Four regarding the donors of isolates not obtained from the survey.
Each isolate was assigned an alphabetic code as an aid to identification on the
mating plates (Table 5.1).

5.2.2 Substrate preparation
The alligator weed stem substrate was grown under hydroponic
glasshouse conditions from field material originally from site AW10. Four to six
centimetre internode sections of asymptomatic stem, incorporating either one
node at the end or two nodes (one at each end), were cut from actively growing
plants, leaves removed, washed in tap water then distilled water and steam
sterilised at 121˚C (15psi) for 20 minutes. The processed stems were then
stored in airtight jars at 4˚C until needed.

Two to four stem pieces were

aseptically placed parallel to each other in 9cm plastic Petri dishes containing
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Isolate
Mating
Code
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
Z
AA
AB
AC
AD
AE
AF
AG
AH
AI
AJ
AK
AL
AM
AN
AO
AP
AQ
AR
AU
AV
AW
AX
AY
AZ
BA
BB
BC
BD

Isolate ID
ATCC32833
EGS 49-185
EGS 50-021
EC10/F/1
EC13/A/11
AW1/D/2
AW3/B/1
AW8/1/1/3
AW10/1/B/1
AW10/3/B/1
AW12/1/1
AW13/1/1
AW14/1/1
AW15A/1/2
AW17A/2/3
AW18/2/1
AW19/1/1
AW21/1/1
AW22A/1/1
AW23A/1/1
AW24/2/1
AW25A/6/1
AW30/1/3
AW4E/1/1
AW6A/2/1
AW10/1/A/3
AW10/3/A/1
AW10B/11/1
AW21A/1/1
AW32/3/1
AW32/7/1
AW34/1/2
AW39/1/2
AW42/1/1
AW44/1/1
AW45/1/1
AW50/6/1
AW57/1/1
AW58/4/1
AW58/6/1
AW58/7/1
BRIP15986a
EC11/1
EGS42-013
HSAUP2670
HSAUP2798
HSAUP4055
ICMP14052
ICMP7831
MAFF238855
AW51/1/1
AW52/1/1
EGS51-130
AW34/1/3

Taxon and Origin
Nimbya alternantherae ex Type USA
Nimbya scirpinfestans ex Type USA
Nimbya scirpivora ex Type USA
Nimbya gomphrenae from Northern Territory
Nimbya gomphrenae from Northern Territory
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from A. denticulata Orange NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Alternaria alternata from Alternanthera NSW
Alternaria alternata from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Ascospore culture from NxW cross
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera NSW
Nimbya from Alternanthera Brisbane Qld
Nimbya from Alternanthera ficoidea Cairns Qld
Nimbya from Alternanthera ficoidea Cairns Qld
Nimbya from Alternanthera ficoidea Cairns Qld
Nimbya from Alternanthera ficoidea Cairns Qld
Nimbya sp. from Ptilotus sp. Qld
Nimbya from A. denticulata Northern Territory
Nimbya celosiae USA
Nimbya from Alternanthera CHINA
Nimbya from Alternanthera CHINA
Nimbya celosiae CHINA
Nimbya from Alternanthera New Zealand
Nimbya from Alternanthera New Zealand
Nimbya gomphrenae JAPAN
Nimbya from Alternanthera Brisbane Qld
Nimbya from Alternanthera Brisbane Qld
Nimbya perpunctulata ex Type USA
Ascospore culture from NxW cross

Table 5.1 Isolates used in the mating experiments.
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20mL of molten PCA. The stem pieces tended to float to a half submerged
position before the agar set. Seven batches of stem material were prepared
throughout the work and in order to decrease the affect of differences between
batches, the two duplicates of a cross were assigned where possible to different
batches.

5.2.3 Inoculation
Plates were inoculated with 3mm diameter plugs from the growing edge
of 4 to 9 day old PCA cultures incubated at 20 to 25˚C on the laboratory bench.
The two isolates selected for the cross were placed on the agar one at each
end of the alligator weed stem substrate. The resultant plates containing the
two isolates were then further incubated under the same conditions until both
cultures met. Variation in growth rate of isolates necessitated the use of more
than the one plug for later batches in order to start a culture at the end of each
stem piece.

5.2.4 Cold shock
It was postulated that if ascomata were produced naturally in the field
they would be synchronised to a growth stage of their host and most likely
produced at the end of a growing season when temperatures were decreasing
or at the beginning of a growing season after a period of cold dormancy when
temperatures were increasing.

Therefore isolates were grown until contact

between opposite cultures was made and then presented with a ‘cold shock’ in
order to simulate this seasonal change and stimulate mating. The period and
temperature of incubation before, during and after the cold shock are presented
in Table 5.2.
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5.2.5 Incubation with diurnal temperature and lighting
In the first experiment batch each plate was wrapped individually with a
single layer of cling wrap to decrease desiccation with the respective side
towards the light having the stretched side and the lower having the wrapped
side. Later experiments used PetriSeal TM (Diversified Biotech Boston MA) tape
around the edges of the plates and then changed to Parafilm® (American Can
Company) when PetriSeal was no longer available.
Plates were then oriented in an inverted position on shelves within a
diurnal growth chamber (Forma Scientific Inc. International, Marietta, Ohio) with
each shelf approximately 10cm below two fluorescent lamps. Near-ultra-violet
fluorescent lamps (NEC, 15 Watt Blacklight-Blue) were used in the first and
second experiment and due to lamp failures and lack of replacements, were
changed half way through the third to Philips TLD 15W/33 (colour 33, blue/white
for growth) fluorescents and their use continued in experiment four with no
apparent difference in results.

5.2.6 Variable conditions of experiment batches
Over 600 crosses were attempted with two duplicates per cross with at
least ten of these repeated over time in later experiments.
The number of crosses tested and space limitations for incubation
necessitated performing batches of crosses over time. Incubation parameters
changed slightly between batches (experiments) and are summarised in Table
5.2. Experiment one received only a six hour cold shock and a comparatively
short incubation of 50 days in the diurnal incubator. The second experiment did
not experience a cold shock and crosses were either grown for 35 days prior to
diurnal incubation in order for cultures to meet (experiment 2A; Table 5.2), or
were inoculated to the crossing plate and immediately placed in the diurnal
incubator (experiment 2B; Table 5.2). All crossing plates in experiment two
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were also duplicated in both orientations (ie inverted as in experiment one or
placed lid side up). The duration in the diurnal incubator was also increased for
experiment two in order to pick up any “slow to mate” crosses (Table 5.2).
Experiment three and four differed in their duration of cold shock and the
shorter period post cold shock before placing in the diurnal incubator for an
extended period (Table 5.2). Experiment three and four also differed from the
others in lighting conditions as mentioned above in section 5.2.5 (Table 5.2).
Plates were rearranged often within the incubator and inspected by eye
for evidence of ascomatal development.

A quick look with a dissecting

microscope was used for confirmation. Often ascomata were examined when
mature during the experiment whereas others were not noticed and examined
until the final evaluation at experiment end.

5.2.7 Morphology measurements of resulting
teleomorph/s
Diameters of mature ascomata were measured in situ using x5
magnification of a Zeiss dissecting microscope with a calibrated ocular
micrometer at x5 magnification. (one ocular unit = 19.71µm). Single ascoma
were removed and squashes were prepared in a drop of acid-fuchsin between a
microscope slide and cover slip and examined under an Olympus BH-2
compound microscope. Measurements of asci and ascospores were made at
x40 magnification using a calibrated ocular micrometer (one ocular unit =
2.5µm).

Photographs were taken using a digital camera attached to the

eyepiece.
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5.2.8 Histology of ascoma sections
Mature and semi-mature ascoma on pieces of alligator weed stem
substrate were killed and fixed by transfer to a solution of 4% buffered formalin
and left in this solution until needed. The formalin was removed and wax was
infiltrated into the sample using a Tissue Tek® VIP™ vacuum infiltration
processor. The wax infiltrated tissue was then mounted in a wax block. The
wax block containing the sample was orientated on a rotary microtome and a
series of transverse sections 12 to 20µm thick were made through the stem
substrate resulting in longitudinal sections through the ascoma.

Individual

sections were floated onto a clean microscope slide and allowed to dry. A
Safranin-Fast Green double staining technique adapted from Prakash (1980)
was used to stain the preparations using the procedure outlined in Table 5.3.
SAFSOLVENT® (C10H16) (Ajax Finechem) was used as a safer alternative to the
more toxic Xylene although DPX (BDH Chemicals), containing a small amount
of Xylene, was used as the mounting medium.

Prepared sections were

examined and photographs were taken using Micropublisher 5 RTV digital
camera (QImaging) attached to an Olympus BX51 compound microscope at
x200 and x400 and montaged images produced with Auto-Montage Pro
(Syncroscopy, a division of Synoptics Ltd.).
The histological work was performed outside of the plant pathology
laboratory where microtome blades, wax consistency and other variables were
optimised for soft animal tissue for routine work in the Regional Veterinary
Laboratory NSW DPI and some loss of individual sections occurred. However
the technique was modified to produce acceptable stem and ascomatal
sections.
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Time Period

Procedural Steps

De-Wax

Hydrate

Stain 1

a. Warm paraffin slide sections in oven at 60˚C

15 minutes

b. Transfer to Safsolvent (dish 1)

20 dips

c. Transfer to Safsolvent (dish 2)

20 dips + 3 minutes soak

d. Transfer to 100% ethyl alcohol (dish 1)

20 dips

e. Transfer to 100% ethyl alcohol (dish 2)

20 dips + 3 minutes soak

f. Transfer to 95% ethyl alcohol

20 dips + 3 minutes soak

g. Transfer to 85% ethyl alcohol

20 dips + 3 minutes soak

h. Transfer to 70% ethyl alcohol

20 dips + 3 minutes soak

i. Transfer to 50% ethyl alcohol

20 dips + 3 minutes soak

j. Rinse in tap water then reverse osmosis water

10 to 30 seconds

k. Stain in 1% aqueous Safranin

2 hours soak

l. Rinse slides with tap water then reverse osmosis water

20 dips each

Dehydrate m. Dehydrate through 50%, 70%, 85%, 95% ethyl alcohol
Stain 2

n. Stain in 0.5% Fast Green (in 95% ethyl alcohol)

Mountant o. Transfer to 95% ethyl alcohol (dish 1)
Prep.
p. Transfer to 95% ethyl alcohol (dish 2)

20 dips + 2 minutes soak each
1 minute soak
20 dips
20 dips

q. Transfer to 100% ethyl alcohol (dish 1)

20 dips

r. Transfer to 100% ethyl alcohol (dish 2)

20 dips + 1 minute soak

s. Transfer to Safsolvent (dish 3)

20 dips

t. Transfer to Safsolvent (dish 4)

20 dips + minimum of 2 minutes soak

u. Mount in DPX and cover with a glass coverslip

Leave at least 1 hour to dry on bench

Table 5.3 Procedure used for staining the wax microtome sections of perithecia.

5.3 Results
A teleomorph stage was produced from the Nimbya isolates however
from only a comparatively small number of crosses. The total of 605 crosses
attempted are summarised in Figure 5.1 indicating those which produced
mature ascomata, immature ascomata, protoascomata only or none. Due to
time and capacity constraints as well as decisions deduced from the results of
previous mating batches, not all of the possible 1485 crosses were attempted
(Fig. 5.1).

A more concise listing of only the isolates involved in positive

interactions is given in Table 5.4.
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5.3.1 Nimbya isolates from Alternanthera
Twelve fertile crosses within the Alternanthera isolates produced
perithecioid ascomata measuring approximately 200-300µm and up to 375µm
diameter (Table 5.4).

A further two crosses produced sterile perithecia

comparable in size to the fertile perithecia above (code C) and a further 14
crosses produced sterile perithecia with a smaller 124-217µm diameter (code
B).

Another eight crosses produced protothecia only at 62-93µm diameter

(code A) (Table 5.4).

Crosses were deemed fertile if ascospores were

observed in a squash of the perithecium examined under a compound
microscope. Single ascospores germinated and developed to form the Nimbya
anamorph (Fig. 5.2).
No successful crosses were made using the ex-type of N. alternantherae
(ATCC32833) in any pairings with 50 of the other Nimbya isolates. The ex-type
N. perpunctulata also gave negative results in all attempted crosses except for
one small protothecium observed when crossed with a Nimbya isolate from A.
ficoidea (AL) in Queensland. Nimbya isolates from China and New Zealand
were also unable to produce fertile crosses although code B sterile perithecia
were achieved following some pairings and small protothecia only from a few
others (Table 5.4).
All perithecia were formed on stem internode material only (never on the
node or agar medium) and then only between the material and bottom of plate
(ie growing upwards toward the light but through the agar towards the plate
bottom) as the plates were inverted (Fig.5.3). No perithecia were ever observed
on the air interface surface of stems where copious aerial mycelium developed
regardless of the plate orientation and conversely no perithecia developed on
the agar (under) side of fertile crosses if placed lid side up. The aerial mycelium
was removed for the examination of perithecia development. Perithecia were
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not numerous and tended to only form in the zone on the stem where both
isolates overlapped (Fig. 5.4).

5.3.2 Other Nimbya species and crosses with Nimbya from
Alternanthera
All three isolates of N. gomphrenae appeared to contain the same MAT
idiomorph and hence did not mate with each other although sterile ascomata
were formed (code C) in four crosses with Alternanthera isolates and one code
B sterile ascoma cross with the Nimbya from Ptilotus (N. crassoides?) (Table
5.4). The Nimbya isolate from Ptilotus in Queensland produced code B sterile
ascomata from two matings, one from an Alternanthera isolate from
Queensland, the other from an Alternanthera isolate from China and protothecia
only (code A) from an Alternanthera isolate from the Northern Territory (Table
5.4).

The Ptilotus isolate as already mentioned produced sterile ascomata

(code B) with one N. gomphrenae isolate also from the Northern Territory.
Orientation of the ascomata from these isolates was as reported for all Nimbya
isolates from Alternanthera in section 5.3.1.
In contrast, the two isolates of N. celosiae (one from China and the other
from USA), produced copious fertile perithecia when mated with each other and
although produced in great numbers on the alligator weed stem substrate, were
also formed on and within the agar (Fig. 5.5). Both isolates were also able to
produce protothecia (code A) with two Nimbya from Alternantherae isolates
each (Table 5.4).

5.3.3 Variation in batch results
All matings consisted of two duplicate plates and the resulting positive
result was often observed on only one of the duplicates or often only on one
stem piece within one duplicate.

Variable growth parameters between

experiments also resulted in conflicting results (Table 5.5).
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Numbers of

ascomata could range between only one in a few cases to the norm of 10 to 20.
The isolates may have been either attempting to overcome some barrier to
mating or the conditions for mating were sub-optimal. As the aim of this work
was to discover a possible teleomorph and not necessarily compare isolates,
the search for optimal mating conditions continued throughout the thesis
necessitating slight changes in incubation conditions between mating batches.
A selection of crosses with positive and negative outcomes in the first batch
was repeated in subsequent batches to monitor these changes and are
summarised in Table 5.5. Some of the fertile crosses were not evident in some
other batches whereas the five crosses (NxJ; IxJ; IxN; PxL; LxI) were
consistently negative on the two to three times tested (Table 5.5).
Isolate
codes of
crosses
IxW
NxW
NxL
JxL
PxI

Experiment BATCH
1

2A 2B

+
+
+
+
+

+ +
+ + + -

AFxBD
NxJ
IxJ
IxN

-

+
-

3

4

-

-

ARxAW
NxAQ
ACxL
AMxW
BAxW
AOxAB
BAxAL

+ +
+
+
+
+
+
+

Table 5.5 Perithecia formationover different experiments.
See text for details
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The period of incubation allowing the cultures to come in contact before
lowering night-time temperatures in the diurnal incubator was important as only
one cross (IxW) produced perithecia without this pre-incubation period in
experiment two (Table 5.5). Experiment two also demonstrated that the plates
had to be inverted with the underside facing the light source as discussed
above in section 5.3.1.

5.3.4 Parents of crosses and anamorph morphology
In order to demonstrate the connection of the various anamorph
morphologies of the parents involved in matings with a positive outcome, the biplot presented in Chapter Four as Figure 4.19 is again presented here with
added connecting lines to both parents of a cross (Fig. 5.7). Parents of fertile
and infertile matings were widespread across the bi-plot further strengthening
the finding in Chapter Four that all Nimbya isolates from Alternanthera are
members of one species.

5.3.5 Observations on morphology of the teleomorph
Some positive matings could only be confirmed by a few ascospores in a
perthecial squash and even the more apparent fecund isolate matings had
empty asci and others with from one to eight ascospores. The exception was
the two N. celosiae isolates in experiment three producing fertile perithecia
along the length of each stem piece and also out on the agar and less on the
duplicate (Fig.5.6). This fecundity was much reduced however when repeated
in experiment four on a different batch of stem media and slightly different
environmental conditions.
Ascoma were dark, perithecioid, immersed in the substratum (Figs. 5.14
and 5.15) and later erumpent (Figs. 5.8- 9 and Figs. 5.16-21). The outer wall
consisted of dark textura angulata two to three layers deep with an inner wall of
hyaline cells one to three layers thick (Figs. 5.10-21). The ostiole was plugged
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with hyaline to dark periphyses and dark to hyaline setae often were found at
the apex (Figs. 5.8-13 and Figs. 5.16-21). Many perithecia were sterile (Figs.
5.19-20). Asci were bitunicate, cylindrical with a definite ascal foot (Figs. 5.2225 and Figs. 5.27-30). Ascospores were uniseriate or unevenly biseriate with
up to eight per ascus, often less (Figs. 5.22, 5.27 and 5.30), hyaline, fusoid,
terete, phragmosporous with mostly three transverse septa constricted at each
septum (Figs. 5.22-30) and the N. celosiae cross (ARxAW) was differentiated
by the inclusion of one or two longitudinal septa in 50% of the conidia examined
(Fig. 29). No mucilaginous sheath was observed even when placed in Indian
ink.

Narrow and possibly branched pseudoparaphyses were present (Figs.

5.10-13, Fig. 5. 27 and Fig. 5.30). The above combination of characters place
the teleomorph in the class Dothideomycetes, order Pleosporales, and family
Pleosporaceae as outlined by Luttrell (1973) and Lumbsch & Huhndorf (2010).
Dimensions of morphologic characters are as follows.

5.3.6 Dimensions of perithecia
Ascoma Diameter (µm)
Min

Max

Estimated
Mean

Celosia ARxAW 93
Alternanthera BAxW 93
Alternanthera
IxW 93
Alternanthera
LxN 155
Alternanthera
NxW 93

372
310
372
248
310

228
199
287
213
251

Host

Isolate
Codes

s.e.

8.47 ab
12.48 a
11.12
c
22.63 ab
14.11 b

Table 5.6 Diameter of fertile ascoma from crosses of Nimbya isolates from Alternanthera and
Celosia. Letters represent LSD rankings where two crosses with a letter in common are not
significantly different at approximately the 5% level. See Table 5.1 for isolate ID.

Diameters of perithecia were measured for the fertile crosses LxN, NxW,
IxW, BAxW (all from Alternanthera hosts) and ARxAW (the two N. celosiae
isolates). The data were subjected to a uni-variate analysis of variance with the
N. celosia cross (ARxAW) showing no significant difference in size to most of
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those from Alternanthera although the IxW cross had significantly larger
perithecia to the rest (Table 5.6).

5.3.7 Dimensions of asci
Asci of the teleomorph differ from the broadly ellipsoid to broadly ovoid or
saccate asci of Macrospora by being long and cylindrical. Length and width
dimensions of asci were measured for the four fertile crosses, ARxAW (N.
celosiae isolates) along with BAxW, IxW and NxW all from Alternanthera hosts
and a bi-variate analysis of variance was performed on the data.
Ascus
80

IxW

90

100

110

NxW
20
18
16

Width

14

ARxAW

BAxW

20
18
16
14

80

90

100

110

Length

Fig. 5.31 Plots of length and width in µm of asci measured from four crosses.

While it was difficult to locate sufficient mature asci for some of the
crosses the extent of variation in the raw data is presented in Fig.5.31. Using a
likelihood ratio test, the positive correlation between length and width of asci
within each cross of 0.164 was not significant. Table 5.7 presents the estimated
means of length and width along with the minimum and maximum raw data
measurements. The N. celosiae (ARxAW) cross does not differ in length from
the other crosses although NxW is significantly shorter than the other crosses
from Alternanthera all containing W as one parent (Table 5.7). The N. celosiae
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(ARxAW) cross was significantly wider than BAxW but did not differ from the
others (Table 5.7). All were of a similar shape with L/W ratios averaging 6.26 to
7.89 between the four crosses with maximum ratios (ie thinner and longer asci)
around 7.5 although BAxW was an exception with a maximum L/W ratio for one
ascus of 9.2.

Ascus Length (µm)
Host

Isolate
Codes

Min

Max

Celosia ARxAW 80.0 112.5
Alternanthera BAxW 95.0 115.0
Alternanthera
IxW 92.5 107.5
Alternanthera
NxW 72.5 107.5

Estimated
Mean

s.e.

95.5
104.6
100.8
91.9

3.79 ab
3.46 b
3.46 b
1.85 a

Ascus Width (µm)
Host

Isolate
Codes

Min

Celosia ARxAW 13.8
Alternanthera BAxW 12.5
Alternanthera
IxW 13.8
Alternanthera
NxW 12.5

Max

Estimated
Mean

20.0
15.0
16.3
17.5

15.5
13.3
15.0
14.6

s.e.

0.699
0.638
0.638
0.341

b
a
ab
ab

Table 5.7 Ascus dimensions from fertile perithecia from crosses of Nimbya isolates from
Alternanthera and Celosia. Letters represent LSD rankings where two crosses with a letter in
common are not significantly different at approximately the 5% level. See Table 5.1 for isolate
ID.

5.3.8 Dimensions of ascospores
Ascospores examined (Figs. 5.22-30) were hyaline, with up to eight per
ascus but mostly four. However in most crosses many of the asci were empty.
The median transverse septum was first to form. The ascospores were fusoid,
terete and usually with three transverse septa although examples of one to six
septa were observed (Table 5.8; Fig. 5.28). However a Pearson's Chi-shared
test, with p-value determined using 10000 Monte Carlo simulations, of
transverse septation in ARxAW (N. celosiae) BAxW, IxW, JxL and NxW all from
Alternanthera indicated no significant differences between crosses (P=0.18).
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This test was performed using the chisq.test function in R (R Development Core
Team 2009).

Host

Isolate
Codes

Number of Transverse
Septa per Ascospore
1

2

3

4

5

6

Celosia ARxAW 0
Alternanthera BAxW 1
Alternanthera
IxW 0
Alternanthera
JxL 0
Alternanthera
NxW 1

1
0
1
0
0

98
43
38
31
70

1
5
1
1
1

0
1
0
0
0

0
0
0
0
1

Host

Isolate
Codes

Ascospores in Sample with
0, 1, or 2, Longitudinal
Septa
0

1

Celosia ARxAW 50 42
Alternanthera BAxW 49 1
Alternanthera
IxW 40 0
Alternanthera
JxL 32 0
Alternanthera
NxW 72 0

2

8
0
0
0
0

Table 5.8 Septation of ascospores from crosses of Nimbya isolates from Alternanthera and
Celosia. See Table 5.1 for isolate ID.

One or two longitudinal septa were present in 50% of ascospores
examined from the N. celosiae cross (ARxAW) (Fig. 5.29) and were practically
non existent in all crosses of Nimbya from Alternanthera hosts (Table 5.8). A
Pearson's Chi-shared test, with p-value determined using 10000 Monte Carlo
simulations using the chisq.test function in R (R Development Core Team
2009), verified this significant difference in proportions of longitudinal septa
numbers between crosses (P<0.0001). From the table it can be seen that this
significant difference is between the N. celosiae cross (ARxAW) and all others
from Alternanthera (Table 5.8).

The longitudinal septa when present were

within one or two of the median cells and never in either end cell (Fig. 5.29).
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Fig. 5.32 Plot of length and width dimensions in µm of all ascospores measured for the five
crosses.

Ascospore Length (µm)
Host

Isolate
Codes

Min

Celosia ARxAW 15.0
Alternanthera BAxW 20.0
Alternanthera
IxW 17.5
Alternanthera
JxL 20.0
Alternanthera
NxW 17.5

Max

Estimated
Mean

25.6
30.0
30.0
30.0
35.0

20.4
23.9
23.5
26.2
23.7

s.e.

0.296 a
0.392 b
0.468 b
0.523
c
0.325 b

Ascospore Width (µm)
Host

Isolate
Codes

Celosia ARxAW
Alternanthera BAxW
Alternanthera
IxW
Alternanthera
JxL
Alternanthera
NxW

Min

Max

Estimated
Mean

5.0
6.3
5.0
5.0
5.0

10.6
10.0
10.0
9.4
10.0

7.74
7.38
7.08
7.54
6.80

s.e.

0.0966
d
0.1280 bc
0.1528 ab
0.1708 cd
0.1061 a

Table 5.9 Length and width of ascospores from crosses of Nimbya isolates from Alternanthera
and Celosia. Letters represent LSD rankings where two crosses with a letter in common are not
significantly different at approximately the 5% level. See Table 5.1 for isolate ID.

Plots of length and width for each ascospore measured are presented in
Fig. 5.32 where a trend for shorter and wider ascospores is evident within the N.
celosiae cross (ARxAW) population compared with the others.

Ascospore

dimensions of length and width exhibited differences between crosses (Table
5.9) and the positive correlation between length and width of 0.34 was highly
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significant. The N. celosiae cross (ARxAW) was significantly shorter in length to
all of the other crosses although differences were also evident within the
Nimbya from Alternanthera crosses with JxL significantly longer than the rest
(Table 5.9). The N. celosiae cross also tended to have wider ascospores than
the others from Alternanthera although it was not significantly different from JxL
with NxW clearly being the narrowest (Table 5.9). Length to width ratios ranged
from a minimum of 1.76 for ARxAW to a maximum of 5.5 for IxW.

The

difference in shape of ARxAW with shorter and wider ascospores is highlighted
by the comparison of the average length/width ratio of the N. celosiae cross
(ARxAW) at 2.66 (n=100 ascospores) with that of the combined four crosses of
Nimbya from Alternanthera at 3.43 (n=212 ascospores).

5.3.9 The number of ascospores per ascus
Some crosses were not very fecund at least under the environmental
conditions used. Even in the fertile matings many asci were empty and most of
the fertile ones produced less than eight ascospores.

The number of

ascospores that developed within an ascus was observed to differ from a
minimum of one up to the full complement of eight. Simmons mentioned in
Johnson et al. (2002) a difference in ascospore dimensions of Macrospora
depending on the number of spores which developed within an ascus. This was
presumably due to differences in competition for space and nutrients. With so
many asci in this teleomorph under investigation having less than their full
complement of spores it was possible that variation in ascospore dimensions
measured from populations of “free” ascospores may be influenced by this
phenomenon. It was therefore postulated that ascospores from asci bearing
less than the full complement of eight may have a tendency to grow larger.
Dimensions of individual ascospores were able to be measured in situ
within a total of 19 asci from the crosses NxW, IxW and BAxW all from

156

Alternanthera hosts. A linear regression analysis of ascospore length, weighted
on ascospores per ascus, indicates that there is a linear trend for decline in
mean ascospore length of 0.66µm (s.e. = 0.33µm) per extra ascospore within
an ascus. A one sided test based on the hypothesis that the more ascospores
per ascus produce smaller ascospores due to competition for space and
nutrients was significant (P=0.032).

Further, a weighted linear regression

analysis of ascospore width was highly significant (P<0.001) with an estimated
decline in ascospore width per extra ascospore within the ascus of 0.30µm (s.e.
= 0.07µm).

5.3.10 Comparisons with other genera in Pleosporaceae
The above morphology data does not allow for the teleomorph from
Nimbya on amaranthaceous hosts to be included within the genus Macrospora
as defined by Simmons (1989), Shoemaker & Babcock (1992), and Johnson et
al. (2002).

The description of Macrospora indicates large dictyosporous,

“applanate” (Shoemaker & Babcock 1992) or “somewhat flattened” (Simmons in
Johnson et al. 2002) ascospores in broadly ellipsoid to broadly ovoid or saccate
asci. Further, the ascoma of Macrospora exhibit a clypeate structure at their
apex. Clearly the teleomorph found in this study belongs to another genus
within the Pleosporaceae.
Using the key to the 66 genera within the Pleosporaceae in Luttrell
(1973) one arrives at Leptosphaeria Ces. & De Not. in twelve dichotomous
steps or Keissleriella Höhnel in fourteen steps. A slightly later key to 77 genera
in the Pleosporaceae (von Arx & Müller 1975) also leads to Keissleriella in ten
steps but Setosphaeria Leonard & Suggs in only five. Leonard & Suggs (1974)
moved several species out of Keissleriella and placed them in their new genus
Setosphaeria. Both Leptosphaeria (now placed within Leptosphaeriaceae) and
Keissleriella have coelomycetous anamorphs (von Arx & Müller 1975) whereas
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the genus Setosphaeria, described by Leonard & Suggs (1974) and thus
unknown to Luttrell at the time of his publication, has a single hyphomycetous
anamorph Exserohilum Leonard & Suggs. This form genus was segregated
from Drechslera (Leonard & Suggs 1974; Alcorn 1983) and is somewhat similar
to Nimbya in having large, long and dark conidia with distoseptate septa
although differs in having an exserted hilum, no filamentous beak and is
pathogenic only to grasses (Sivanesan 1987).

There is a superficial

resemblance to Wettsteinina Höhn however ascoma in this genus have a
clypeate apical structure and ascospores are applanate (Shoemaker & Babcock
1987) moreover the genus has recently been removed from Pleosporaceae due
to phylogenetic studies (Kodsueb et al. 2006) and at present resides in
Dothidiomycetes incertae sedis (Lumbsch & Huhndorf 2006).
The thirteen genera currently listed in Pleosporaceae (Lumbsch &
Huhndorf 2010) are discussed below in relation to the morphology of the new
teleomorph.
1.

Cochliobolus Drechsler: The ascospores are long, filiform and coiled

within the ascus. Anamorphs are Drechslera and Curvularia and have been
proposed to be synonymised by some taxonomists (Sivanesan 1987).
2.

Crivellia Shoemaker & Inderbitzen: This genus has similar perithecia to

the new teleomorph. Ascospores are similar but have a mucilaginous sheath
and are connected to a different anamorph Brachycladium and different hosts
(Farr, O’Neill & van Berkum 2000; Inderbizen et al. 2006).
3.

Decorospora Inderbitzen, Kohlm. & Volkm.-Kohlm.: An obligate marine

fungus with muriform, brown, ascospores enclosed in a sheath and no known
anamorph (Inderbitzen et al. 2002).
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4.

Extrawettsteinina M.E. Barr: Ascocarps were described as superficial,

and conic of textura prismatica. Asci are saccate with elliptic or obovate-clavate
ascospores containing one large globule and small guttules in each cell. A thin
gelatinous sheath is often present. No anamorphs are known (Barr 1972).
5.

Kriegeriella Höhn:

This genus was described with thyriothecioid

ascoma containing cylindrical, brown, multiseptate ascospores and also the
presence of hyphopodia in the mycelium. The anamorph is either absent or
unknown (Höhnel 1918).
6.

Lewia M.E. Barr & E.G. Simmons: The dictyosporous ascospores and

the Alternaria infectoria group anamorph separate this taxon from the new
teleomorph. Another genus Allewia E.G. Simmons with Embellisia anamorphs
was erected and placed in Pleosporaceae (Simmons 1990) but later
synonymised with Lewia by Eriksson & Hawksworth (1991).
7.

Macrospora Fuckel: Large broadly clavate and applanate dictyosporous

ascospores in broadly ellipsoid to broadly ovoid or saccate asci. Shoemaker &
Babcock (1992) mention that pseudoparaphyses are “not numerous” whereas
Simmons (1989) and Johnson et al. (2002) do not mention their presence. In
addition, the ascomata exhibit a clypeate structure at their apex.
8.

Platysporoides (Wehmeyer) Shoemaker & Babcock: Ascospores are

applanate, broadly ellipsoidal and verrucose with 3 to 15 transverse septa and
one to many rows of longitudinal septa. No anamorph has been observed
(Shoemaker & Babcock 1992).
9.

Pleospora Rabenh. Ex Ces. & De Not.: Pleospora has dictyosporous

ascospores and only one anamorph sensu Simmons in the genus Stemphylium
morphologically distinct from Nimbya (Simmons 1969). The genus was noted to
be polyphyletic by Kodsueb et al. (2006).
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10.

Pseudoyuconia Lar. Vass.: The genus is monotypic. Ascomata are

immersed and clypeate. Asci are oblong-cylindrical with a rounded apex and
short ascus foot. Ascospores are olivaceous, clavate with two transverse septa,
one in a median position and the other supra-median thus the apical cell is
enlarged with a rounded apex.

No anamorph is known and the host is

Thalictrum Tourn. ex L. in the family Ranunculaceae (Vassiljeva 1983).
11.

Pyrenophora Fr.:

Ascoma are pseudothecioid, larger than the new

teleomorph and often bearing dark brown setae.

Pseudoparaphyses are

indefinite and although some species have asci and ascospores somewhat
similar to the new teleomorph, they are much larger. Anamorphs are all in the
form genus Drechslera (Sivanesan 1984; Sivanesan 1987).
12.

Setosphaeria Leonard & Suggs: Ascospores are similar in shape and

septation to the new teleomorph but with prominent mucilaginous sheaths. This
genus is also connected to a different anamorph and all species are only
pathogenic to grasses (Leonard & Suggs 1974; Sivanesan 1987).
13.

Zeuctomorpha Sivan., P.M. Kirk & Govindu:

Differs by superficial,

globose to slightly flattened, ostiolate and hairy pseudothecia. The asci are
clavate to cylindrical but the ascospores are brown and smooth with one
constricted septa and rounded at both ends (Sivanesan 1984). Conidia of the
anamorph (Acroconidiellina M.B. Ellis) are echinulate and although two of the
four species described in Ellis (1976) are distoseptate, they are clearly different
from Nimbya. A further separation is the production of tuberculate or setose
sclerotia in this genus.
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5.4 Discussion
5.4.1 Development of perithecia
Due to time and space constraints, not all of the possible pairings with
the available isolates were trialled in this study. The largest variable in the
mating experiments appeared to be the condition of the host substrate used.
Batch differences and even fine differences in stem circumference and possibly
texture and nutrition seemed to influence results where in some instances only
one stem piece within one replicate would produce perithecia or a positive result
in one batch would be negative in the next. The mass density of alligator weed
stem tissue has been shown to influence the behaviour of stem boring insects
(Pan et al. 2011) and it is possible that there is also a relationship here with
perithecial development. Perithecia were never formed on the much denser
nodes.
Light was observed to have a marked effect on the development of
perithecia as on one occasion a batch sticker was inadvertently placed on the
underside of a Petri dish partly shading the stem substrate.

Subsequent

generation of perithecia of the N. celosiae cross was observed to be completely
inhibited under the shadow of the sticker. Also the incubation of isolates at a
higher temperature (ambient or above) until they meet before placing in the light
incubator at a lower temperature is critical for perithecia formation.
With the exception of the N. celosiae x N. celosiae (ARxAW) cross,
production of perithecia was sparse to moderate. The N. celosiae x N. celosiae
pairing was also characterised as the only cross where perithecia were also
produced on the agar medium. Possibly some of the matings yielding sterile
perithecia could prove fertile if conditions were modified. There is also the likely
potential for further successful crosses among the available un-trialled pairings.
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Successful pairings have demonstrated the presence of a new teleomorph and
the compatibility and ability of these isolates to mate. Unsuccessful crosses on
the other hand should be regarded with caution as they may well represent
false negatives due to less than optimal conditions. However the aim of this
endeavour was to determine the teleomorph of the Nimbya isolates from
Alternanthera particularly in relation to the N. alternantherae type isolate and
not rigorous comparisons between isolates per se. The teleomorph connection
was verified by the successful germination of ascospores which produced the
Nimbya anamorph identical to the parents.
The successful crosses exhibited a low fecundity which may or may not
be due to incubation conditions or compatibility factors of isolates (maybe the
species are largely clonal and are losing the ability to reproduce sexually?).
However Correll et al. (2000) observed a reduction in sexual fertility of
successive backcrosses of Glomerella cingulata (anamorph Colletotrichum)
starting with a reduction of ascospores per perithecium and finally resulting in
empty perithecia.

They discussed the possibility of “inbreeding depression

among closely related isolates within a population” which may also be relevant
to the Australian Nimbya population.
The crosses are unusual in the formation of perithecia only at the stemagar interface and never at the stem-air interface.

The stem-air side does

usually have profuse aerial mycelium which may inhibit perithecial formation.
The perithecia have not been observed in nature thus their environmental
biology can only be guessed at. It is possible that they have evolved along with
the host in a riparian environment where they form on submerged host material
either in mud or shallow water.
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5.4.2 Improvements to the experimental technique
Each successful parent isolate was shown to be of one mating type
(Table 5.4) and as the MAT idiomorph is unknown for these isolates they can be
arbitrarily termed “plus” for isolates on the Y axis of Table 5.4 and “minus” for
those on the X axis.

Turgeon & Yoder (2000) provide a nomenclature for

mating type genes within the ascomycetes thus isolates on one axis would be
either MAT1-1 or MAT1-2 and the converse for the other. The limitation of
incubation space could have been reduced if the isolates had been screened
prior to crossing for their MAT1 idiomorph gene (MAT1-1 or MAT1-2) thus
reducing the number of redundant crosses made with isolates possessing the
same MAT1 idiomorph (Pöggeler 2001). Arie et al. (1997) have described the
PCR amplification of the conserved MAT high mobility box (HMG) and thus
isolates could be screened for this portion of the mating type gene. Presence of
the PCR product on a gel would confirm a MAT1-2 gene and absence would
infer that the isolate has the MAT1-1.
If the stem substrate variation cannot be resolved there will be a need in
future work to substantially increase the number of duplicate crosses and thus
attempt a saving of space. Single alligator weed stem internodes could be
placed in test tubes with or without the agar medium and a conidial suspension
of the two isolates used to inoculate the tube. This would overcome space
constraints and may alleviate other cultural problems such as; differences in
growth rate as opposite cultures grow towards each other and the release of
growth inhibiting metabolites.

5.4.3 Relationship to the type
Pairings of either ex-type N. alternantherae or ex-type N. perpunctulata
(both from USA) with other Nimbya isolates from Alternanthera were not
successful and similar results were found with the N. alternantherae isolates
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from China and New Zealand. This may be due to the presence of different
biological species or, more likely, strains separated geographically thus slowly
becoming genetically isolated over time. Conidia of ex-type N. perpunctulata
and the ex-type N. alternantherae do appear to be morphologic extremes as
seen in Chapter Four thus the negative mating evidence could lead one to a
hypothesis where they are different species to the other Nimbya isolates from
Alternanthera. However the Nimbya isolate AW51/1/1 (BA) from Queensland
was shown in Chapter Four to have almost identical conidia morphology to the
ex-type N. alternantherae and was able in this study to successfully produce
fertile pairings with Nimbya isolates from Queensland and New South Wales
(Table 5.4). Therefore conidia morphology does not necessarily correlate with
ability to mate as evidenced by Fig. 5.7 in the results section.

5.4.4 The new teleomorph (and new anamorph?)
Nimbya celosiae can be differentiated morphologically from isolates of
Nimbya from Alternanthera (Chapter Four).

This differentiation has carried

through into this study where there were apparently two species of the new
teleomorph observed.

Differences were observed in ascospore size and

septation where the teleomorph of the N. celosiae cross differed significantly
from all crosses between Nimbya from Alternanthera hosts by smaller
ascospores and the predominance of longitudinal septa.

The species are

obviously closely related, as crosses between the two Nimbya species
produced small protothecia in a few instances.
The significant difference in ascospore size between the Nimbya species
may have been even more pronounced if the history of each ascospore
measured were known. Ascospores produced per ascus ranged from one to
eight and tended to differ in size depending on the number of “siblings”
enclosed.

The number of ascospores per ascus could potentially cause a
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difference in length of up to 5.28µm and width of 2.4µm between an ascospore
produced alone in an ascus to an ascospore that was produced along with
seven others. This could explain some of the variation seen in the ascospore
population which were mainly measured from squashes of “free” mature
ascospores.
Characters such as perithecial and ostiolate ascomata, bitunicate asci
and septate pseudoparaphyses place the new teleomorph within the
Pleosporaceae alongside Macrospora.

Cannon & Kirk (2007) describe the

family as having thick walled perithecial ascomata immersed or erumpent with a
well developed lysigenous ostiole, cellular pseudoparaphyses, more or less
cylindrical fissitunicate asci with the inner wall often thickened in the apical
region, ascospores septate often with a gelatinous sheath and all anamorphs
are hyphomycetous.

The family Pleosporaceae is monophyletic and well

supported in a multigene phylogeny generated using four nuclear loci and the
sexual states within the family are normally well linked with single anamorph
genera (Schoch et al. 2006).

Within Pleosporaceae, genera such as

Cochliobolus (anamorph Bipolaris), Pyrenophora (anamorph Drechslera), and
Setosphaeria (anamorph Exserohilum) have each been shown to have a stable
connection to one corresponding anamorph genus (Alcorn 1983; Sivanesan
1987).

Simmons (1969; 1986; 1990) also maintained that each teleomorph

genus within the Pleosporaceae should be connected to only one anamorph
genus as he exemplified with Pleospora, Lewia and Allewia. However this is
not generally accepted as possible for all fungal genera and later Eriksson &
Hawksworth (1991) synonymised Allewia with Lewia noting that the taxa,
although bearing different anamorphs, had indistinguishable teleomorphs and
delimitation at the sub-genus level would have been a better decision. The
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confusion generated when either one teleomorph genus is connected to many
anamorph genera or the converse where one anamorph is connected to a
number of teleomorphs is widespread in the Ascomycetes and Basidiomycetes.
Crous et al. (2000) recognised and listed 23 anamorph genera linked to the
single teleomorph Mycosphaerella and Verkley & Priest (2000) questioned the
delimitation of some of these anamorphs due to the heterogeneity of the
anamorph-teleomorph connections.

Conversely Rossman (2000) lists many

genera within the Bionectriaceae all with an Acremonium or acremonium-like
anamorph.
The “genus for genus” concept was presented in a symposium organised
by Crous and Samuels at the XVIth International Botanical Congress (Seifert et
al. 2000a) where progress in molecular systematics, is moving toward a
classification where each teleomorph would have just one corresponding
anamorph or even further (as will be discussed in the forthcoming CBS
symposium “One fungus One Name” [1F=1N] in the Netherlands in April 2011)
where only the holomorph name (one name encompassing all morphs of a
species) would be used. The “genus for genus” concept appears workable in
many taxa particularly the Hypocreales (Rossman 2000).
Of the current genera in Pleosporaceae, the new teleomorph
approaches, but is not a complete match with Crivellia, Setosphaeria or
Pyrenophora. Crivellia has quite similar perithecia to the new teleomorph in
size and structure including the paraphyses extending beyond the ostiole as
mentioned in Farr, O’Neill & van Berkum (2000) and illustrated in Inderbitzen et
al. (2006).

There are significant morphologic differences however and the

presence of the different anamorphs would be hard to accommodate using the
“genus for genus” concept of modern taxonomists. Conversely the concept of
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one anamorph (Nimbya) having two teleomorph connections is also untenable.
Simmons (1969) stated “if two or more clearly dissimilar ascosporic genera
have what is assumed to be the same form-generic state, it is time to take a
closer look”. The conidia of the Nimbya anamorphs from monocotyledonous
hosts examined in this study lacked a filamentous beak, possessed a dark,
slightly exerted hilum scar and exhibited smaller conidial dimensions compared
to those from the amaranthaceous hosts (Chapter Four).

As the Nimbya

isolates from amaranthaceous hosts all exhibiting filiform beaks etc do show
differences to those from monocot hosts, it appears likely that the best course of
action would be the erection of a new genus for the teleomorph (if no
abandoned or synonymised genus is available in the historic taxonomic
literature) together with the removal of the associated anamorph from Nimbya to
a newly erected form genus. Further to this, it may be suggested that the
Macrospora teleomorphs with Nimbya anamorphs from monocot hosts be
retained. Alternatively they could be placed in Pyrenophora as suggested by
Eriksson

&

Hawksworth

(1991)

accommodated within Drechslera.

and

the

corresponding

anamorphs

Seifert et al. (2000b) state that

“multidisciplinary or polyphasic taxonomic studies are the way of the future” thus
the next chapter will involve molecular investigations to help determine the
placement of the new teleomorph reported here.
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Chapter Six:

Investigations into the phylogeny of
Nimbya isolates from amaranthaceous
hosts and monocots using DNA
sequence analysis
6.1 Introduction
6.1.1 Purpose
The current morphological studies in Chapter 4 suggest that the
populations of Nimbya on alligator weed in Australia are derived from
individuals imported with the weed from South America and/or native Nimbya as
well as the possible inclusion of other species (eg N. celosiae and N.
gomphrenae) from other hosts in the Amaranthaceae present in Australia. The
observed morphological groupings observed in Australian isolates could have a
genotypic basis that can be confirmed by phylogenetic analysis and also
elucidate whether there are evolving populations or hybrids. Investigations on
the conidial morphology (Chapter 4) were not conclusive but subsequent mating
investigations (Chapter 5) found that some of the Australian isolates from
Alternanthera hosts were capable of mating in the laboratory to produce a
teleomorphic state with perithecial characters most similar to descriptions of
Crivellia (anamorph Brachycladium).

The basis for establishing a stable

classification system and placement of the Nimbya species can be made using
both morphological and phylogenetic analysis using appropriate DNA
sequences (Gams 1997).
Molecular techniques are required to investigate
1.

the relationship at a molecular level between the Nimbya isolates
from Amaranthaceae shown to have a “Crivellia-like” teleomorph

177

(Chapter 5) and the Nimbya isolates from monocots with a
Macrospora teleomorph
2.

the relationship between cultures of N. alternantherae, N.
perpunctulata, N. gomphrenae, N. celosiae and Nimbya from Ptilotus

3.

the relationships of Nimbya isolates from Alternanthera with respect
to:a. any correlation with morphological differences
b. any correlation with geographic origin (Is the Australian population
made up of both endemic and introduced isolates?)
c. any correlation between genomic data and mating ability as
described in Chapter 5.

6.1.2 Technique Selection
Molecular studies for the Nimbya investigation are required to
discriminate phylogenetic differences at the species and sub-species/population
level. Relevant techniques for studies of fungal genomes have been reviewed
and discussed by various authors (Bruns, White & Taylor 1991; McDonald
1997; Mueller & Wolfenbarger 1999; Olive & Bean 1999; Nagy et al. 2004).
Most involve either fingerprinting methods (using the whole genome or specific
PCR products) or direct sequencing of PCR amplified DNA.
There is a paucity of published data available for Nimbya.

However

published research on the molecular phylogeny of the related genus Alternaria
has utilised various molecular procedures such as Restriction Fragment Length
Polymorphisms (RFLP) (Kusaba & Tsuge 1994) and Polymerase Chain
Reaction (PCR) (Saiki et al. 1985; Mullis et al. 1986) techniques such as
Random Amplified Polymorphic DNA (RAPD) (Pryor & Gilbertson 2002), and
Amplified Fragment Length Polymorphisms (AFLP) (Bock et al. 2002). The
AFLP technique is still often used for intraspecies investigations, but with the
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increased efficiency of PCR and sequencing technology, most of these
procedures have been replaced by direct DNA sequencing.

Many gene

sequences have been investigated in Alternaria, including the ribosomal Internal
Transcribed Spacer (ITS) regions (Jasalavich et al. 1995; Pryor & Gilbertson
2000, 2002; Chou & Wu 2002; Berbee et al. 2003; Pryor & Bigelow 2003;
Gaskell et al. 2005; Xue & Zhang 2007), the 18s rRNA, 5s rRNA (Jasalavich et
al. 1995), and 28s rRNA genes (Dong et al. 1998), the mitochondrial small
subunit rRNA gene (mtSSU) (Pryor & Gilbertson 2000, 2002; Pryor & Bigelow
2003), the Alternaria major allergen gene (Alt-a-1) (Hong et al. 2005; Park,
Romanoski & Pryor 2008) and the glyceraldehyde-3-phosphate dehydrogenase
gene (gpd) (Pryor & Bigelow 2003; Hong et al. 2005; Park, Romanoski & Pryor
2008).

The interest of Peever et al. (2002, 2004, 2005) in small spored

Alternaria species associated with citrus has added mitochondrial large subunit
rRNA gene (mtLSU), β-tubulin, translational elongation factor-1α (EF-1α),
calmodulin, actin, chitin synthase, 1,3,8-trihydroxynaphthalene reductase (THN
reductase), endopolygalacturonase (epg) and two anonymous genomic regions
(OPA1-3 and OPA2-1) data to the literature.
Some published molecular studies of Alternaria have included Nimbya
species (Chou & Wu 2002; Pryor & Bigelow 2003; Hong et al. 2005; Xue &
Zhang 2007) and a total of nine ITS, two gpd, two Alt-a-1, one 18S rDNA and
two mtSSU sequences are available on the publically available repository of
sequence data in GenBank (Benson et al. 2008). However no detailed studies
of the phylogeny of Nimbya have been published. From the GenBank
sequences it can be seen that primers for ITS, gpd, EF-1α, Alt-a-1, 18s rDNA
and mtSSU rDNA are available and have been shown to work with Nimbya
isolates.

Further, it can be assumed that primers successful in producing

179

amplicons from the related genus Alternaria have a reasonable chance of
working with Nimbya. Pryor & Gilbertson (2000) found the ITS locus to be
better than mtSSU and produced a more robust phylogeny due to fewer indels
(nucleotide insertions or deletions in the sequence) requiring less alignment
assumptions. Also the 18S rDNA gene evolves rather slowly and is much more
suited to investigating taxa at the genus or family level (Bruns, White & Taylor
1991; Maidak et al. 1997).

Even though 18S rDNA and mtSSU rDNA

sequences of Nimbya are available on GenBank, they were not the first choice
for phylogenetic investigations at inter- or intraspecies levels.
In light of the above information, eight loci (ITS, gpd, EF-1α, actin,
calmodulin, Alt-a-1, β-tubulin and epg), all previously used in phylogeny studies
within the Pleosporaceae, were chosen for direct sequencing and investigation
of phylogenetic signal at the appropriate level within the Nimbya isolates. Each
locus is discussed below.

6.1.3 The epg locus
Endopolygalacturonase is a plant cell wall degrading enzyme encoded in
fungi by a family of genes present in single copies (Ribon, Queiroz & Araujo
2002). The enzyme has been shown to be necessary for pathogenesis and
virulence (Wubben et al. 1999; Isshiki et al. 2001) and has been used with
some success for phylogenetic studies of small-spored Alternaria species
(Peever et al. 2002; Peever et al. 2004; Peever et al. 2005; Andrew, Peever &
Pryor 2009).

However no sequences from Nimbya are available in the

literature.

6.1.4 The β-tubulin locus
Benzimidazole fungicide resistance in phytopathogenic fungi is caused
by point mutations in the β-tubulin gene (Ma & Michailides 2005). Identification
and characterization of resistant genotypes spurred interest in the β-tubulin

180

gene sequence of Helminthosporium solani within the Pleosporaceae (McKay &
Cooke 1997; Cunha & Rizzo 2003).

The gene has also been utilised for

phylogenetic analysis of other ascomycetes (Glass & Donaldson 1995)
including Fusarium (Donaldson et al. 1995; Yli-Mattila et al. 2002; Yli-Mattila et
al. 2004), Aspergillus (Klich et al. 2003) and Alternaria (Peever et al. 2004;
Park, Romanoski & Pryor 2008). Amplification of portions of this gene from
Nimbya will be investigated using primers from the literature known to work in
the closely related genus Alternaria.

6.1.5 The actin locus
The actin gene codes for a structural protein forming cytoskeleton
filaments in practically all eukaryotic cells (Singer & Berg 1991; Smith et al.
1997).

This gene is highly conserved in fungi allowing identification at the

genus level of pathogens from sugar beet tissue (Weiland & Sundsbak 2000),
Hypoxylon and related genera in combination with the β-tubulin gene (Hsieh, Ju
& Rogers 2005) and species separation in ascomycetous yeasts (Daniel &
Meyer 2003). Carbone & Kohn (1999) designed a universal set of PCR primers
for amplifying a portion of the actin gene incorporating 200 bp of intron and 100
bp of exon sequence from filamentous ascomycetes. Peever et al. (2004) and
Park, Romanoski & Pryor (2008) investigated the use of these primers looking
for intraspecific variation within Alternaria species. Their results demonstrated
no resolution at the species level between A. radicina and A. carotiinucultae
(Park, Romanoski & Pryor 2008) and no variation within the closely related
small-spored Alternaria taxa (Peever et al. 2004). However to date, the actin
locus of Nimbya species has not been investigated. This study investigates the
use of this same gene region for intraspecific variation within Nimbya and
intraspecific variation within the Nimbya isolates from Alternanthera.
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6.1.6 The calmodulin locus
Calmodulin is a calcium binding protein, ubiquitous and highly conserved
in all eukaryotic organisms. Warwar, Oved & Dickman (2000) found the protein
to be important for pathogenesis in the parasitic fungus Colletotrichum trifolii
and calmodulin sequence data has been used for distinguishing several
Fusarium species (Mule et al. 2004).

Primers for speciation studies in

filamentous ascomycetes capable of producing amplicons from a wide range of
fungal families using different gene loci, including calmodulin, have been
developed (Carbone & Kohn 1999). Although Carbone & Kohn (1999) claim
that their calmodulin primers can resolve inter and intraspecific differences at
least in Sclerotinia sclerotiorum, a study with small-spored Alternaria isolates by
Peever et al. (2004) found very little variation in this portion of the gene. The
apparent single copy of the gene and the general nature of the primers
suggested an ease of application and that this target was worth investigating for
intraspecific variation in Nimbya species.

6.1.7 The Alt-a-1 locus
The Alt-a-1 gene codes for a protein of largely undetermined function
with allergenic properties to humans and the work of Hong et al. (2005) shows
that it is under loose evolutionary constraints compared to the gpd gene in
Alternaria and relatives.

However the secondary sequence structure of the

protein is highly conserved (Hong et al. 2005). The protein and gene were first
reported in Alternaria alternata and later, Cramer & Lawrence (2003) found an
apparent single copy of the gene to be also present in a second species of
Alternaria (A. brassicicola) and further suggested a possible role for the gene in
pathogenesis. Hong et al. (2005) were able to amplify a portion of the gene
from 52 Alternaria and related species including two species of Nimbya and
demonstrated the importance of this gene for phylogenetic studies within the
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Pleosporaceae. Moreover, Bowyer, Fraczek & Denning (2006) found this gene
in only a limited number of species and Sáenz-de-Santamaría et al. (2006)
showed it to be wholly specific to members of this family. The Alt-a-1 exon
sequences were better than gpd at representing Nimbya as a single clade
(Hong et al. 2005) and also gave better support for differentiation from
Embellisia compared to ITS sequences as reported by Pryor & Bigelow (2003).
A study on the phylogenetic relationships of A. radicina and A. carotiincultae by
Park, Romanoski & Pryor (2008) also used the Alt-a-1 locus to successfully
separate close species. The faster sequence evolution and more parsimonyinformative sites in comparison to the gpd gene (x3.8 and x3.5 respectively)
found by Hong et al. (2005) suggest that the Alt-a-1 gene may be useful for
phylogenetic studies on the closely related Nimbya isolates.

6.1.8 The ITS locus
Polymorphisms in the intergenic transcribed spacer region (ITS) of
ribosomal DNA have been thoroughly investigated in plants and fungi (Mugnier
1998; Atkins & Clark 2004). These spacers between the more conserved RNA
genes evolve at a rapid rate and can be useful for discrimination of species or
sub-species (White et al. 1990). ITS sequence analysis has been informative in
separating species in Uromyces (Chung et al. 2004) and sub-specific
anastomosis groups within Rhizoctonia solani (Kuninaga et al. 1997) both
genera within the basidiomycetes. Phylogenetic relationships at the order and
family level within the ascomycetes have been demonstrated by Dong, Chen &
Crane (1998) with 18S and 28S data, and Mugnier (1998) using published ITS
sequences but many have found differentiation of lower order taxa within this
class to be unsatisfactory with low variability of ITS sequences between species
(Morales et al. 1995; Sreenivasaprasad et al. 1996; Stevens, Blakemore &
Reeves 1998; Lee, Choi & Min 2000; Crous, Kang & Braun 2001; Zhou &
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Stanosz 2001). However, variability at inter- and intraspecific levels has been
shown for some taxa (Appel & Gordon 1995; Zare et al. 1999).

Although

nonorthologous copies of this region have been found in at least some
members of Fusarium (O’Donnell & Cigelnik 1997) and Ascochyta (Fatehi &
Bridge 1998), Shipunov et al. (2008) were able to utilise the ITS region to assist
in the identification of a broad range of fungal genera and species.
In a study of Alternaria, Nimbya and related genera, Pryor & Bigelow
(2003) found similarity of ITS sequences between Alternaria species clustering
at the species-group level largely agreeing with the results of Pryor & Gilbertson
(2000) where A. alternata and A. tenuissima could not be separated. Pryor &
Michailides (2002) also found no separation between A. alternata, A. tenuissima
and A. arborescens using the ITS locus. In another study, A. alternata and A.
infectoria were discriminated due to a 26bp indel in ITS1 (De Hoog & Horre
2002). However Jasalavich et al. (1995) found little difference in ITS sequence
information between four Alternaria species found on crucifers.

Similarly

Kusaba & Tsuge (1995), Chou & Wu (2001), Xue & Zhang (2007) and Runa,
Park & Pryor (2009) were unable to distinguish differences between the smallspored catenulate Alternaria species using this locus. They were able however
to distinguish the small-spored catenulate Alternaria species from the largespored filament-beaked species. Many species from this latter group (eg A.
ascaloniae, A. beticola, A. cyphomandrae, A. porri – descriptions in Simmons
(2007)) have a similar morphology to Nimbya from amaranthaceous hosts with
filament-beaked and largely distoseptate conidia.
Only three molecular studies incorporating the ITS region of Nimbya
species have been published (Chou & Wu 2000, Pryor & Bigelow 2003, Xue &
Zhang 2007) and a total of nine ITS sequences from five Nimbya species are
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available on GenBank. Chou & Wu (2000) rooted N. gomphrenae as outgroup
for their study of taxa within the Pleosporaceae on the assumption that Nimbya
was a member of the Pyrenophoraceae. The two other studies utilised Nimbya
from monocot hosts. Pryor & Bigelow (2003) found two closely related Nimbya
species to cluster with a species of Embellisia and sat between Alternaria and
the A. infectoria group. The two Nimbya species used by Xue & Zhang (2007)
were widely divergent in the ITS analysis but grouped together with high to
moderate bootstrap support in their gpd and combined analysis.
The abundance of ITS sequences from Alternaria and other close
relatives of Nimbya available for comparison in GenBank and the literature
along with calls to utilise this locus as the standard for the molecular barcoding
of fungi (Rossman 2007; Seifert 2009) obviate the use of this locus in the
present study.

6.1.9 The gpd locus
Gpd is one of the so-called ’housekeeping’ genes, coding for the enzyme
glyceraldehyde 3-phosphate dehydrogenase (gpd) involved in glycolysis (Smith
et al. 1997).

The locus is useful for phylogenetic analysis within the

Pleosporaceae. Berbee, Pirseyedi & Hubbard (1999) were able to distinguish
most species of Cochliobolus and Zhang & Berbee (2001) were likewise able to
distinguish Pyrenophora species and clearly differentiate the two genera with
gpd sequences.

The primers developed by Berbee, Pirseyedi & Hubbard

(1999) for Cochliobolus, were shown to be useful for Alternaria studies by Pryor
& Bigelow (2003) and were further utilised by Hong et al. (2005), Park,
Romanoski & Pryor (2008) and Lourenco et al. (2009).

Investigations with

Stemphylium, another genus within the Pleosporaceae, have benefited from
amplification of this locus (Berbee, Pirseyedi & Hubbard 1999; Camara, O’Neill
& vanBerkum 2002; Pryor & Bigelow 2003; Inderbitzen et al. 2005). The gpd
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locus has also been used to investigate the phylogeny of Ulocladium, a close
relative of Alternaria (Pryor & Bigelow 2003; Xue & Zang 2007; Runa, Park &
Pryor 2009) and Inderbitzen et al. (2006) used gpd to characterise and
investigate the taxonomic position of Crivellia papaveracea.

Two Nimbya

species included in a large Alternaria study by Pryor & Bigelow (2003) clustered
together with Embellisia allii as a sister group when gpd sequences were
compared. This locus was also useful for investigating intraspecific differences
in A. solani (Lourenco et al. 2009). The gpd locus was used in this study to
investigate inter- and intraspecific relationships within the Nimbya isolates.

6.1.10 The EF-1α locus
Translation

elongation

factor-1α

(EF-1α)

has

been

utilised

in

phylogenetic studies of eukaryotes (Roger et al. 1999) including insects (Cho et
al. 1995; Mitchell et al. 1997), and is “the marker of choice as a single-locus
identification tool in Fusarium” (Geiser et al. 2004). The fungal genus Fusarium
contains many toxigenic species pathogenic to plants and animals. O’Donnell &
Cigelnik (1997) developed PCR primers ef1 and ef2 for the amplification of an
approximate 700 bp sequence from the EF-1α gene in Fusarium which has
been utilised by many researchers to the present. Although universal for the
genus Fusarium, the primers of O’Donnell & Cigelnik (1997) were not fully
adaptable to the family Pleosporaceae. Carbone & Kohn (1999) designed a
primer set capable of amplifying a 350 bp product from the EF-1α gene of a
wide range of families within the ascomycetes.

These primers have been

utilised in phylogenetic studies of Alternaria where Park, Romanoski & Pryor
(2008), working with Alternaria radicina and A. carotiincultae, revealed two
substitution sites in this region successfully separating the two species. Peever
et al. (2004) investigated the molecular systematics of small-spored Alternaria
species associated with citrus and found four polymorphic sites.
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This

polymorphism however only separated two species from their range of isolates
and was deemed to be insufficient variation compared to other targets in their
investigation.

Although there appears to be little phylogenetic signal at the

intraspecies level this locus was selected for investigations into the
determination of species within the genus Nimbya.

6.1.11 Multi-locus analysis
In phylogenetic studies, a method known as “total evidence” (Kluge
1989) uses character congruence of all the available data for a particular taxon,
unpartitioned in a single dataset for the phylogenetic analysis. A competing
approach known as “taxonomic congruence” uses a consensus of the different
data sets.

Definitions of both approaches and relevant background are

summarised in Williams (1994) and discussions on the merits of each
procedure are argued in Bull et al. (1993), Eernisse & Kluge (1993), Page
(1996) and Rieppel (2009) among others.
Molecular data from various genes within the genome of a particular
taxon are essentially different datasets of a single type which can be combined
in a “total evidence” approach. A dataset can only be added to the analysis if it
is found to be phylogenetically congruent with the other data as discussed by
Pamilo & Nei (1988), Bull et al. (1993), and Lecointre & Deleporte (2005).
Wortley & Scotland (2006) found that the “total evidence” approach increased
branch resolution over individual datasets. Concatenation of independent and
congruent loci is therefore an accepted method of increasing the phylogenetic
signal and resolution from sequence data (Wortley & Scotland 2006).

This

technique using only molecular data has been termed “multilocus sequence
typing” (MLST) where it has been used for population studies on pathogenic
bacteria (Maiden et al. 1998) and, with or without the descriptive term, for
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species recognition in fungi (Taylor & Fisher 2003; Kauserud, Shalchian-Tabrizi,
& Decock 2007).
The MLST technique has been utilised for phylogenetic research within
the Pleosporaceae and related families. Research into the molecular basis of
morphospecies in small-spored Alternaria has also utilised a combined locus
analysis in order to improve resolution.

Investigators have combined the

ribosomal ITS region with the gpd locus (Camara, O’Neill & vanBerkum 2002;
Xue & Zhang 2007) in Stemphylium and Ulocladium phylogenies.

Pryor &

Bigelow (2003) investigating phylogenetic relationships among Alternaria and
relatives employed a three locus analysis using ITS, gpd and the conserved
mtSSU but without gaining any increase in information compared to the variable
gpd locus alone. However Runa, Park & Pryor (2009) replaced mtSSU with the
variable Alt-a-1 locus in their three gene concatenation and gained increases in
bootstrap and posterior probability compared to independent loci. Peever et al.
(2004, 2005) also employed three-locus combinations for investigations into the
closely related Alternaria species from citrus. A study by O’Donnell et al. (2000)
increased resolution of the phylogeographic structure of Fusarium graminearum
with a 7,120 character dataset prepared from six informative loci.
Concatenation of sequences from independent and congruent loci was
therefore explored in this study for potential to increase support and/or
resolution of the terminal groups of the gene tree and therefore provide a closer
representation of the species tree (Pamilo & Nei 1988).

6.2 Methods
6.2.1 Fungal isolates
A total of 96 isolates of Nimbya, Alternaria and Exserohilum were chosen
for molecular investigation (Table 6.1).

Comparative cultures were sourced

from international culture collections (Table 4.3 Chapter Four) and additional
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sequences were obtained from GenBank (Appendix 2). Representative isolates
of each haplotype are to be lodged in the Plant Pathology Herbarium (DAR) and
sequences published on GenBank prior to subsequent publication.

6.2.2 Culture preparation
The first set of isolates (DNA1-DNA16) (Table 6.1) were grown on a
semi-solid substrate of potato carrot agar (PCA) (Appendix 1) at 25ºC for up to
two weeks.

The aerial mycelium and conidia were then removed and

processed.
All later preparations were based on the method of Peever et al. (2004)
for Alternaria using sterile half-strength glucose yeast extract broth (2YED)
[Difco® Yeast Extract 2g/L and D-Glucose anhydrous 10g/L in distilled water].
Fifty mL aliquots of broth in 250 mL Schott bottles were inoculated with aerial
mycelium from PCA plates and incubated at 25-28ºC for four days in darkness
while continuously agitated at 150 rpm. The incubated fungal mycelium was
then removed, rinsed in sterile distilled water, and damped dry between sterile
filter paper for processing.

6.2.3 DNA extraction
Approximately 0.1g of the harvested damp mycelium was processed
from each isolate with the DNeasy™ Plant Mini Kit (QIAGEN, Hilden, Germany)
and the purified DNA was eluted in 200µL of AE buffer and stored at -20ºC.
DNA integrity was assessed by running an aliquot on a 0.9% agarose gel and/or
by PCR of the ITS region. DNA was extracted from 73 isolates of Nimbya, two
isolates of Alternaria alternata and one of Exserohilum monoceras to be used
as an outgroup (Table 6.1).
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Sequence
Ref. No.
(DNA*)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
30
31
32
33
34
35
36
37
38
40
41
42
43
45
55
57
58
59
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
96
99
100

Isolate
AW4E/1/1
AW9/1/1
AW20/1/1
EGS48-115
Nimbya perpunctulata EGS51-130
AW8A/2/3
AW32/3/1
EGS52-021
EGS52-022
EGS52-023
EGS52-024
EGS52-025
AW10B/11/1
AW21A/1/1
AW6A/2/1
EC11/1
Nimbya alternantherae ATCC 32833
EGS 49-185
EGS 50-021
EC10F/1
EC13/A/11
AW1/D/2
AW3/B/1
AW3/C/1
AW8/1/1/3
AW8/1/3/1
AW10/1/B/1
AW10/1/C/1
AW10/3/B/1
AW12/1/1
AW13/1/1
AW14/1/1
AW14/2/1
AW15A/1/2
AW17A/2/3
AW18/2/1
AW19/1/1
AW22A/1/1
AW23A/1/1
AW23A/1/5
AW24/2/1
AW30/1/3
AW52/5/4
AW34/1/2 Light Sector
AW34/1/3
AW34/3/1
AW39/1/2
AW42/1/1
AW44/1/1
AW45/1/1
AW50/6/1
AW50/7/1
AW51/1/1
AW51/2/1
AW52/1/1
AW52/5/13
AW32/7/1
Cairns Fast AW58/6/1
Cairns Slow AW58/7/1
AW57/1/1
AW57/5/1
AW58/4/1
AW34/1/2 Dark Sector
Alligator weed China HSAUP 2670
Alligator weed China HSAUP 2798
N. celosiae China HSAUP 4055
ICMP 7831
ICMP 14052
ICMP 11417
N. gomphrenae Japan MAFF 238855
N. celosiae USA EGS42-013
Nimbya ex Ptilotus BRIP15986a
AW34/1/1
Exserohilum monoceras BRIP11542
Alternaria alternata AW10/1/A/3
Alternaria alternata AW10/3/A/1

ITS
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

gpd
+
o
o
+
+
o
o
o
o
o
+
o
+
+
+
+
+
▲
+
+
+
+
▲
+
▲
+
o
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

EF-1α
+
+
+
▲
+
+
+
+
+
+
+
+
+
▲
+
+
+
+
+
+
+
+
+
+
▲
+
+
+
+
+
+
+
+
+
+
+
▲
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Actin
+
+
+
o
+
+
o
o
o
o
+
+
o
+
+
+
+
+
+
o
o
o
o
o
o
+
+
+
o
o
+
o
+
o
o
o
o
o
+
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
+
o
o
o
+
o
+
+
+
+
+
▲
+
+
+
o
+
+
+

Cal
+
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
o
o
+
o
o
+
o
+
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
+
+
o
+
+

β-tub
+
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
+
o
o
o
o
o
o
o
o
o
+
+
o
o
o

Alt-a-1
▲
■
▲
■
+
▲
▲
■
+
+
■
+
■
+
▲
▲
▲
+
+
+
+
■
■

■
■
■
▲
▲
■
■
■
+
▲
▲
■
■
■
■
■
▲
o
+
+
o
▲
o
o
o
o
o
■
■
■
■
■
+
+
+
+
+
+
o
o
+
▲
o
+
o
+
+
o
▲
+
+

Table 6.1 List of fungal isolates used in the study with sequence reference identification and
result of PCR at target locus. (+) Amplicon generated, (-) No amplicon generated, (▲) Poor
sequence read, (■) Multi-banding, (Shaded sequences) Used in Multi-Locus-Analysis, (o) PCR
not attempted.
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6.2.4 PCR primers
Most primers employed were sourced from the available literature and
listed in Table 6.2. The universal primers ITS1 and ITS4 were chosen from
White et al. (1990) to amplify and sequence the internal transcribed spacer
region of the ribosomal DNA, including ITS1, the 5.8S rRNA gene and ITS2.
Carbone and Kohn (1999) provided a list of primer sets for segments of the
translational elongation factor-1α (EF-1α), Calmodulin (CAL), and actin (ACT)
genes reported to resolve intra and interspecific isolates of ascomycetes.
Primers for a section of the glyceraldehyde-3-phosphate dehydrogenase (gpd)
gene were sourced from Berbee, Pirseyedi & Hubbard (1999) and a number of
primers designed by O’Donnell & Cigelnik (1997) and Yli-Mattila et al. (2004)
were trialled to obtain different length fragments of the β-tubulin gene. The epg
primers were sourced from Peever et al. (2002) and Alt-a-1 from Hong et al.
(2004).

Further modifications and new β-tubulin and Alt-a-1 primers were

developed in this study.
Target Locus

β-tubulin
actin
calmodulin
Alt-a-1
ITS
gpd
EF-1α

Direction

Primer
Name

Forward
Reverse
Forward
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Forward
Forward
Reverse
Forward
Reverse
Forward
Reverse

T1
tub-conrevT22
T10
T11
Btr
ACT-512F
ACT-783R
CAL-228F
CAL-737R
Alt-for
Alt-rev
Alt-S-C1-F
Alt-S-C2-F
ITS1
ITS4
gpd1
gpd2
EF1–728F
EF1–986R

Sequence (5'-3')
ATGCGTGAGATTGTAAGT
TGACCGAAAACGAAGTTGTC
ACGATAGGTTCACCTCCAGAC
AATTGGTGCTGCTTTCTGGCA
ATCATGTTCTTRGGGTCGAA
ATGTGCAAGGCCGGTTTCGC
TACGAGTCCTTCTGGCCCAT
GAGTTCAAGGAGGCCTTCTCCC
CATCTTTCTGGCCATCATGG
ATGCAGTTCACCACCATCGC
ACGAGGGTGAYGTAGGCGTC
TCGACTTCACSTGCTCCACTT
TCGACTTCACSTGCTCTGTGC
TCCGTAGGTGAACCTGCGG
TCCTCCGCTTATTGATATGC
CAACGGCTTCGGTCGCATTG
GCCAAGCAGTTGGTTGTGC
CATCGAGAAGTTCGAGAAGG
TACTTGAAGGAACCCTTACC

Tm ºC
52.6
62.7
61.9
68.8
61.9
73.3
65.7
68.2
65.3
68.4
66.3
63.9
65.7
62.0
58.0
72.9
66.9
61.5
57.2

Source
O’Donnell & Cigelnik (1997)
Yli-Mattila et al. (2004)
O’Donnell & Cigelnik (1997)
O’Donnell & Cigelnik (1997)
Developed in house
Carbone & Kohn (1999)
Carbone & Kohn (1999)
Carbone & Kohn (1999)
Carbone & Kohn (1999)
Hong et al. (2005)
Hong et al. (2005)
Developed in house
Developed in house
White et al. (1990)
White et al. (1990)
Berbee et al. (1999)
Berbee et al. (1999)
Carbone & Kohn (1999)
Carbone & Kohn (1999)

Table 6.2 PCR primers used in Nimbya analysis.

6.2.5 PCR conditions
Thirty µL PCR mixes contained 1X PCR reaction buffer, 0.1µm each of
the forward and reverse primer, 0.2µMol dNTP mix, 1.5 to 3.5 mMol of MgCl 2
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(depending on optimisation), 0.125µL (=0.625 Units) Invitrogen Platinum ® Taq
DNA polymerase, 5% trehalose OR 5% dimethyl sulfoxide (DMSO), and 1µL of
DNA template.

The reaction enhancement additive, trehalose, was used

routinely until DMSO was shown to be as effective and used for the remainder
of the experiments.

Reaction mixes were reduced to 15µL for most

optimisations to conserve template DNA. Optimal reaction conditions differed
for each target as detailed below.
6.2.5.1 The epg locus
The cycling protocol of Peever et al. (2002) failed to produce amplicons
of the epg locus and modifications to annealing temperature and cycling times
were trialled.
6.2.5.2 The β-tubulin locus
PCR reaction mixes contained 3.0mM of MgCl2.

PCR cycling

incorporated an initial denaturation time of 2 min at 94°C followed by an initial
amplification cycle of 94°C for 1 min, 58° or 62° o r 64° or 68°C (depending on
the melting temperature (Tm) of primers used) for 1 min and 72°C for 30 sec.
The annealing time was then increased by four seconds with each subsequent
cycle and terminated after 35 cycles with a final extension phase of 72°C for five
minutes.
6.2.5.3 The actin locus
Thirty µL PCR reaction mixes contained 2.0mM of MgCl 2. PCR cycling
incorporated an initial denaturation time of 2 min at 94°C followed by 35
amplification cycles of 94°C for 1 min, 60°C for 1 min and 72°C for 1 min. A
final extension phase then followed for 5 min at 72°C.
6.2.5.4 The calmodulin locus
Thirty µL PCR reaction mixes contained 2.5mM of MgCl 2. The cycling
protocols of both Carbone & Kohn (1999) and Peever et al. (2004) were trialled
before settling on an initial denaturation for 2 min at 94°C followed by 35
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amplification cycles of 94°C for 1 min, 62°C for 1 min and 72°C for 1 min. A
final extension phase then followed of 72°C for fiv e minutes.
6.2.5.5 The Alt-a-1 locus
Thirty µL PCR reaction mixes contained 1.75mM of MgCl 2.

PCR

amplification required an initial denaturation for 2 min at 94°C. The initial cycle
of the 35 amplification cycles was 94°C for 20 sec, 62°C for 20 sec and 72°C for
15 sec. The annealing time was then increased by two seconds with each
subsequent cycle and terminated after the 35 cycles with a final extension
phase of 72°C for five minutes.
6.2.5.6 The ITS locus
Thirty µL PCR reaction mixes contained 1.5mM of MgCl 2.

PCR

amplification protocol was an initial denaturation for 2 min at 94°C followed by
35 amplification cycles of 94°C for 30 sec, 55°C fo r 30 sec and 72°C for 1 min
with a final extension phase of 72°C for 10 minutes .
6.2.5.7 The gpd locus
Thirty µL PCR reaction mixes contained 1.5mM of MgCl 2.

The PCR

cycling conditions had an initial denaturation for 2 min at 94°C and a first cycle
of denaturation at 94°C for 1 min, annealing at 52° C for 1 min and extension at
72°C for 45 sec. The extension time was then incre ased by four seconds with
each subsequent cycle and terminated after 30 cycles with a final extension
phase of 72°C for 5 min. The additional steps of a garose gel purification and
re-sequencing at a higher annealing temperature as outlined by Berbee,
Pirseyedi & Hubbard (1999) were not implemented.
6.2.5.8 The EF-1α locus
Thirty µL PCR reaction mixes contained 2.5mM of MgCl 2.

PCR

amplification required an initial denaturation for 2 min at 94°C followed by 35
amplification cycles of 94°C for 1 min, 56°C for 1 min and 72°C for 1 min
followed by a final extension phase of 72°C for fiv e minutes.
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6.2.6 DNA sequencing
PCR experiments were run on either a Perkin-Elmer GeneAmp PCR
System 2400 or an Eppendorf Mastercycler EPgradientS autocycler.
Amplification products were checked by electrophoresis using either a
1.5% or 2% agarose gel in a Mi-Dear™ instant casting agarose high speed gel
system (Biokeystone Co., California, USA) and visualised with ethidium bromide
under UV light. PCR products exhibiting a single band of the expected size
were purified using the QIAquick™ PCR purification kit (QIAGEN, Hilden,
Germany) and directly sequenced in both directions by Macrogen Inc. (Seoul,
Korea) on an ABI3700xl sequencer using the BigDye™ v3.0 cycle sequencing
kit. The sequencing primers were the same as those used to amplify the PCR
product.

6.2.7 set Dataset construction
The Staden package v1.6.0 (Pregap4 and Gap4) (Bonfield & Staden
1996) was used to assemble forward and reverse chromatograms and derive
consensus sequences. Consensus sequences were aligned with the ClustalW
alignment program (Thompson, Higgins & Gibson 1994) as implemented in
BioEdit v7.0.5.3 (Hall 1999), then trimmed to exclude primers and the alignment
manually adjusted and checked for inconsistencies.

Alignments will be

submitted to TreeBASE.
6.2.7.1 Multi-locus dataset dataset concatenation
The incongruence length difference (ILD) test of Farris et al. (1995) was
not implemented in this study but will be utilised when further phylogenetic
analysis is undertaken for subsequent publication. Phylogenetic trees prepared
using the Neighbour-Joining method (NJ) (Saitou & Nei 1987) and presented for
each locus in the results section below were evaluated for observed
congruence in tree topology.

In contrast to datasets used in Alternaria
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investigations (Hong et al. 2005; Park, Romanoski & Pryor 2008), Alt-a-1 could
not be used in the combined data set with Nimbya due to the observed
incongruence of this tree to the others. There was no strong disagreement in
topology between the NJ trees of ITS, gpd and EF-1α and all three were chosen
for concatenation into a larger dataset.

The actin and calmodulin loci also

appeared congruent but inclusion would have reduced the available number of
sequences from 54 with the 3-gene concatenation to 21 in a 4-gene
concatenation with actin and only eight sequences if calmodulin was included
(Table 6.1). Therefore only isolates represented by all three sequences of ITS,
gpd and EF-1α genes were chosen for the combined dataset.
Due to difficulties in obtaining amplicons from some isolates for one or
more of the genes, only 36 isolates of Nimbya from Alternanthera were
available for the concatenation (Table 6.1). DNA 82 was not included because
only partial sequence was obtained for the gpd locus. Amplicons of the three
genes were added for two isolates of N. celosiae, three isolates of Nimbya from
Gomphrena and the Nimbya isolate from Ptilotus. Only two isolates of Nimbya
from monocot hosts amplified for all three genes and were added to the dataset.
Sequences for all three genes from a single isolate of Alternaria alternata were
not available on GenBank, however the two A. alternata isolates from alligator
weed (DNA99 and DNA100) were included (Table 6.1). Through the work of
Inderbitzen et al. (2006) the epitype isolates of Crivellia papaveracea and
Brachycladium papaveris along with A. japonica and Ulocladium alternariae
were available in GenBank for most of the sequence length of all three genes
(Appendix 2). Sequences from three isolates of Stemphylium from GenBank,
as well as the Exserohilum monoceras isolate, were included in the outgroup to
help resolve the relationship of Crivellia to Nimbya.
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6.2.7.1.1 Multi-locus dataset configuration 1
Due to the use of different primers, the Inderbitzen et al. (2006)
sequences of all three genes from GenBank overlapped partially with those
generated in this study and required trimming of ragged ends to produce the
aligned dataset. Fifty-four sequences were aligned for each gene and then
concatenated to form a dataset of 1104 characters.
6.2.7.1.2 Multi-locus dataset configuration 2
In order to maximise the sequence length of the three concatenated
genes and aid in the resolution of ingroup relationships of the Nimbya isolates,
the four “Inderbitzen” sequences and the three Stemphylium sequences were
removed from the dataset.

This action regains a total of 328 characters

resulting in a combined and aligned dataset of 1428 characters although with a
reduction to 47 isolates.

6.2.8 Phylogenetic analysis
The Neighbour-Joining method (NJ) (Saitou & Nei 1987) available in
MEGA v3.1 (Kumar, Tamura & Nei 2004) was used for analysis and tree
construction using the Log-Det model (Lockhart et al. 1994; Massingham &
Goldman 2007) and with pairwise deletion of alignment gaps. Other models of
tree construction available in MEGA v3.1 were trialled and found to offer no
appreciable change compared to the Log-Det model. The complete deletion of
alignment gaps was also trialled compared to pairwise deletion. The former
often produced smaller unsupported terminal branches and the latter appeared
to produce a more robust topology with the datasets used. Pryor & Gilbertson
(2000) found little difference in the distance (NJ) and Maximum Parsimony (MP)
methods used in their study of Alternaria species and relatives. Also, Xue &
Zhang (2007) found NJ analysis to offer better resolution and similar bootstrap
support compared to MP when used with their set of Alternaria and related
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genera. The distance method of NJ analysis was used throughout this study
however other methods such as MP, Maximum Likelihood (ML) and/or
Bayesian analysis will be incorporated in the ensuing journal publications.
Bootstrap analysis (Felsenstein 1985) with 1000 replications was used to test
the support for branches.

6.3 Results
Figures 6.1 to 6.19 including the fourteen NJ trees generated in this
study are presented at the end of this section. Only bootstrap values above
50% are shown with values below 60% regarded as very weak, 60-69% weak,
70-89% moderate and >=90% strong bootstrap support for the branches. The
results of each locus are as follows.

6.3.1 The epg locus
Forward and reverse primers PG3 and PG2 (Peever et al. 2002), and
EPG-specific and EPG-3b (Peever et al. 2005) were trialled on DNA templates
of three Nimbya isolates (DNAs 1, 17 and 45). These primers trialled under a
range of different PCR conditions always produced non-specific PCR products
with the Nimbya templates used (data not shown). Exploration of this locus was
discontinued.

6.3.2 The β-tubulin locus
Considerable effort was afforded to the evaluation of primers for the βtubulin gene listed in Table 6.2.

All relevant combinations of the forward

primers T1, T10, T11, T22, T121 (O’Donnell & Cigelnik 1997), and also B-tubNimbya-F and BtF developed in this study with the reverse primers T2, T21,
T222 (O’Donnell & Cigelnik 1997), tub-conrevT22 (Yli-Mattila et al. 2004) and
both B-tub-Nimbya-R and BtR from this study were trialled (data not shown)
with most proving unsuccessful. The combination of T1 (O’Donnell & Cigelnik
1997) and tub-conrevT22 (Yli-Mattila et al. 2004) amplified a 533 bp section of
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the β-tubulin gene spanning three introns. This section added to a segment
amplified by either of the forward primers T10 or T11 (O’Donnell & Cigelnik
1997) and the reverse primer BtR (developed in this study from GenBank
sequences of Neurospora crassa, Verticillium dahliae, Monacrosporium
sphaeroides and Gibberella pulicaris) yielded a 1336 bp portion of the β-tubulin
gene.
Only two Nimbya templates (DNA17 and DNA45) plus one Fusarium
template were trialled for most primer combinations and polymorphisms were
low. The T1 and tub-conrevT22 combination however was trialled for seven
Nimbya isolates (Fig. 6.1). Due to the use of different primers, the sequences
had to be trimmed to a slightly shorter length to align the Alternaria sequences
from GenBank (Appendix 2). The aligned dataset was 364 characters long and
contained 63 (17%) variable sites of which 46 (13%) were parsimony
informative. The six Nimbya from Alternanthera and the Nimbya from Ptilotus
sequences contained 20 (6%) variable sites of which only one (likely due to the
small sample) was parsimony informative. This parsimony informative site was
added to the haplotype list (Fig. 6.19). From the NJ tree (Fig. 6.1) Nimbya from
Ptilotus was separated from Alternaria and the Nimbya from Alternanthera
group and some sub-group segregation is evident within the latter group. The
small-spored Alternaria sequences from GenBank used in the analysis fell into
two discrete groups highlighting the possibility of paralogy in the β-tubulin gene
or misidentified taxa. Submission of these sequences was made to GenBank in
2001 (Appendix 2) but subsequent publication providing an analysis or
explanation of the data has not been forthcoming. This locus showed some
promise for investigations into the Nimbya from Alternanthera group but work
was not continued due to time constraints.
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6.3.3 The actin locus
PCR amplification of the actin gene was attempted from the genomic
DNA of 33 Nimbya isolates, two isolates of A. alternata and one of E.
monoceras (Table 6.1). The primers ACT-512F and ACT-783R (Carbone &
Kohn 1999) (Table 6.2) were used to amplify approximately 200 bp of intron and
exon sequence from the actin gene. A total of 31 isolates were successfully
amplified and sequenced (Table 6.1).

All sequences of Nimbya except N.

celosiae were found to be 205 bp long with a total of 130 bp of intron sequence
found in two stretches. Nimbya celosiae sequences were only one nucleotide
longer than the majority and the two A. alternata sequences were two shorter at
203 bp due to length polymorphisms in the intron sequence. The E. monoceras
sequence was unable to be aligned and sequences of Phoma from GenBank
were used as an outgroup. The 31 generated sequences were combined with
seven Alternaria and four Phoma sequences from GenBank (Appendix 2) and
aligned into a 249 character dataset. Most of the resultant gaps were due to the
alignment of the Phoma outgroup containing longer intron sequences.
This 249 character dataset contained 114 (46%) variable sites with 74
(30%) of them being parsimony informative There were 25 (10%) variable sites
shared within the Nimbya from Amaranthaceae and A. alternata isolates of
which 20 (8%) were parsimony informative. A total of 36 (14%) parsimony
informative sites were found within all 29 Nimbya sequences but this number
drops to only 15 (6%) when the two Nimbya from monocots sequences were
removed from the dataset.

This variation is reflected in the resolution of

terminal species groups in the analysis although the position of Nimbya from
Celosia and Ptilotus isolates are unsupported (Fig. 6.2). Within the set of 21
Nimbya isolates from Alternanthera however there were just three variable sites
with only one being parsimony informative.
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Figure 6.2 displays moderate

support for the monophyly of Nimbya isolates from Alternanthera and good
support for the separation of Alternaria and all Nimbya isolates from
Amaranthaceae from the Nimbya from monocots as a sister group.

As

observed in the tree (Fig. 6.2) the Nimbya isolates from monocots were
separated from the isolates of Nimbya from Amaranthaceae by the two
Alternaria groups. Work on this locus was also prematurely terminated due to
time constraints in favour of other loci.

6.3.4 The calmodulin locus
PCR amplification of the calmodulin gene was attempted from the
genomic DNA of 24 Nimbya isolates covering the full range of morphological
diversity within the collection, two isolates of A. alternata and one of E.
monoceras (Table 6.1). The primers CAL-228F and CAL-737R (Carbone &
Kohn 1999) (Table 6.2) were used to amplify an approximate 400-500 bp
fragment of the calmodulin gene.
A total of only 10 PCR amplicons were obtained from the 27 templates
attempted (Table 6.1). Negative reactions were repeated without success using
different cycling protocols shown to amplify the other isolates. One sequence of
A. alternata was unreadable thus only nine sequences were available for
analysis.
Fragment lengths of the six Nimbya sequences from Alternanthera hosts
were 453 bp long whereas sequences of Nimbya isolates from Celosia and
Ptilotus with some 5’ end bases missing were 458 and 459 bp respectively.
The more distant Exserohilum monoceras isolate was only 392 bp long. After
removal of a 39 and 42 base insert from N. celosiae and the Nimbya isolate
from Ptilotus respectively, an aligned dataset of 515 characters was produced
consisting of six Nimbya isolates from Alternanthera, one N. celosiae, one
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Nimbya isolate from Ptilotus with the E. monoceras and three sequences from
GenBank (Appendix 2) incorporated as an outgroup.
The Nimbya sequences had 35 (7%) variable sites of which 10 (2%)
were parsimony informative. The Nimbya from Alternanthera sequences alone
revealed only four variable sites none of which were parsimony informative.
The calmodulin dataset strongly supported the Nimbya from Amaranthaceae as
a group (100% bootstrap) and Nimbya from Alternanthera as a group (96%
bootstrap) with weak support for the separation of N. celosiae and Nimbya from
Ptilotus into separate positions on the tree as confirmed by other more robust
datasets (Fig. 6.3).

6.3.5 The Alt-a-1 locus
The primers Alt-for and Alt-rev (Hong et al. 2005) (Table 6.2) were used
to amplify a portion of the Alt-a-1 gene containing one intron flanked by exon
sequence from 63 isolates of Nimbya, Alternaria and Exserohilum (Table 6.1).
Nearly all Nimbya PCR products exhibited multiple banding at half and/or twice
the expected gene fragment length when run on an agarose gel. Thirty nine of
the 63 (62%) isolates were able to be reduced to a single band for sequencing
after refinement of PCR conditions to those reported above.
Fifteen of the 39 (38%) isolates sequenced including E. monoceras were
unreadable due to what appeared to be the possible amplification of paralagous
copies of the gene segment.

Twenty four isolates generated readable

sequences which each fell into one of two dissimilar groups (Fig. 6.4).

A

BLASTn sequence alignment (Altschul et al. 1997) of a parental isolate
(DNA35) in one group with one of its ascospore progeny (DNA77) in the other
resulted in only a 71% similarity and required 5% gaps to align further
suggesting the presence of paralagous gene copies.

In contrast, three

disparate taxa, Nimbya scirpinfestans from a monocot host (DNA18), a Nimbya
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isolate from Gomphrena (DNA21) and a Nimbya from alligator weed (DNA35)
had 100% sequence similarity.
One group included isolates from Scirpus, Gomphrena, alligator weed
from USA and site AW15 and AW21 from Australia all with a sequence length of
413 bp. Also in this group were the isolate from Carex secta from NZ with a
sequence length of 416 bp and Alternaria isolates from alligator weed (DNA99
and DNA100) at 412 bp long. The other group was represented by isolates
from Celosia (DNA 80 and 85), A. ficoidea from Cairns Qld. (DNA72 to 76) and
single-ascospore cultures from alligator weed in NSW (DNA57, 58 and 77) all
with a sequence length of 412 bp. The Nimbya isolate from Ptilotus (DNA86)
was also in this group with a sequence length of 410 bp.
All sequences from this study contained an intron of 56 to 62 bases
(mostly 60) long as observed by Hong et al. (2005). They removed the intron
from their analysis for unambiguous alignment and to utilise some GenBank
sequences devoid of the intron such as, Stemphylium callistephi, S. vesicarum,
Pleospora herbarum and cDNA of A. brassicicola and A. alternata (Hong et al.
2005). The dataset was analysed in this study with the intron removed (data
not shown) however inclusion of the intron increased branch resolution and was
thus used for subsequent analysis.

The intron sequence, when aligned,

covered 68 positions.
Sequences from GenBank (Appendix 2) were added to the dataset and
the aligned data were subjected to phylogenetic analysis using the NJ method
(Fig. 6.4).

Pleospora tarda was the only Pleospora species available on

GenBank with the included intron and when aligned with the intron removed,
clustered with the other Pleospora species available from GenBank (data not
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shown). Hong et al. (2005) used the Pleospora species as an out group in their
analysis and P. tarda is also used here as an out group in Figure 6.4.
The two isolates of A. alternata from alligator weed clustered within the
A. alternata group of GenBank sequences but the Nimbya isolates were split
into two dissimilar groups with strong bootstrap support as reported above (Fig.
6.4). As expected from the data of Hong et al. (2005), the Nimbya species from
monocots, N. gomphrenae and isolates from alligator weed were a sister group
to the A. infectoria group.

However other Nimbya isolates from Ptilotus,

Celosia, A. ficoidea and single-ascospore cultures from alligator weed formed a
sister group with the A. alternata group. All major groups had strong bootstrap
support (Fig. 6.4).
6.3.5.1 Possible Alt-a-1 paralagous gene copies
Observations of the multiple banding and what appeared to be two
different copies of the amplicon in many sequences prompted a preliminary
investigation. The forward primers Alt-S-C1-F and Alt-S-C2-F (Table 6.2) were
designed from the Nimbya Alt-a-1 sequences to preferentially amplify a single
copy from the DNA templates.
A trial using the same PCR conditions as outlined above but with each
designed forward primer together with the reverse primer alt-rev (Hong et al.
2005) was initiated. Due to the position of the forward primers in the sequence,
the two PCR products would be expected to differ in length. The original primer
pair alt-for and alt-rev were included as a reference. Seven DNA templates
were trialled (DNAs 57, 72 and 86 known to already produce a single copy from
one group; DNAs 14, 18 and 35 with single copies from the other group and
DNA45 which always produced what appeared to be two copies on repeated
occasions using alt-for and alt-rev). In this trial alt-for and alt-rev amplified a
single band of the expected size from ALL templates and all templates
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produced a product from one of the two modified primer sets. Three of the
seven amplified as expected (DNA18 with Alt-S-C1-F and DNA57 and DNA72
with Alt-S-C2).

A further three templates (DNA14, DNA35 and DNA86)

amplified contrary to their predicted primer. DNA45 trialled here because of the
observed mixed copies, produced a single band of the expected size with Alt-SC2-F. The amplicons were not sequenced and further investigations with the
primers were discontinued.

6.3.6 The ITS locus
The universal primers ITS1 and ITS4 (White et al. 1990) (Table 6.2) were
used to amplify the internal transcribed spacer 1 (ITS1), the 5.8s rDNA gene,
internal transcribed spacer 2 (ITS2) and a portion of the flanking 18S and 28s
rDNA genes. Seventy-six isolates were PCR amplified including 64 Nimbya
from Alternanthera hosts, six isolates from hosts within Amaranthaceae, three
isolates from monocot families, two Alternaria alternata isolates from alligator
weed and one Exserohilum monoceras isolate (Table 6.1).
All Nimbya isolates from Alternanthera hosts including the ex Type
culture, produced a virtually identical sequence 537 to 541 bp long. The length
polymorphism was due to a stretch of poly-(T) nucleotides in ITS2 ranging from
eight to twelve nt long. PCR and DNA sequencing was repeated for isolates
DNA 1, 6, 17 and 57 as a fidelity check and the sequences were found to be
identical on each occasion. Most other Nimbya sequences from hosts within
Amaranthaceae were slightly shorter at 534 to 537 bp long. In contrast, the
Nimbya isolates from monocot hosts were 559 bp long with most of this length
change coming from a single insert of 24 nucleotides.
Three ITS sequences of Nimbya from monocots and four of N.
alternantherae were available on GenBank and, along with selected Alternaria,
Ulocladium, Stemphylium and Crivellia sequences (Appendix 2), were
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incorporated in the dataset.

The aligned dataset, after removal of inserts,

contained 105 sequences, each 558 characters in length, and included 125
(22%) variable sites of which 90 (16%) were parsimony informative. A NJ tree
generated from the dataset (Fig. 6.5) revealed strong support for the grouping
of all Nimbya from Amaranthaceae separate from the A. alternata group (smallspored Alternaria), the large-spored Alternaria group, the Crivellia group and the
Nimbya from monocots.

There was strong support (99% bootstrap) for the

small-spored Alternaria as a monophyletic group however their placement was
uncertain. The GenBank sequence of Alternaria eichhorniae falls within the A.
alternata group suggesting a misidentification of the former.
NJ analysis with complete deletion of gaps (data not shown) saw the
small-spored Alternaria group cluster as a “basal” group with Crivellia,
Ulocladium, large-spored Alternaria and Nimbya from monocots but with weak
support (60% bootstrap) for its position. All other groups were unchanged.
The Nimbya species from monocots clustered in a group with moderate
to strong support (90% bootstrap). This group together with the large-spored
filament-beaked Alternaria group, the Ulocladium group, and the Crivellia group
formed a sister group to the A. alternata group and the amaranthaceous
Nimbya isolates although with weak support.
Neighbour-Joining analysis of the ITS locus separated all of the Nimbya
isolates from amaranthaceous hosts into four strong to weakly supported
groups correlated with their host genus. All Nimbya isolates from Alternanthera,
whether from different species (A. philoxeroides, A. sessilis, A. denticulata, A.
ficoidea) or from different geographic regions (Australia – NT, Qld, NSW; New
Zealand; USA; China) were placed in a single terminal group with 100%
bootstrap support. The four ITS sequences available on GenBank of Nimbya
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from alligator weed in China (Appendix 2) were virtually identical to the two
sequences generated in this work from Chinese alligator weed isolates supplied
by TY Zhang. One sequence however contained an extra (T) nucleotide in the
poly-(T) stretch region of ITS2 and even after removal of low quality sequence
from the 5’ end, still contained a few additional point mutations. Further to this,
six of the seven amaranthaceous Nimbya isolates supplied by EG Simmons
were identical to three of the Chinese isolates, the seventh differing by the
same extra (T) nucleotide in the poly-(T) stretch region of ITS2. Although partial
gap deletion was used in the phylogenetic analysis, the poly-(T) stretch lengths
with resultant gaps when aligned were not reflected in the tree (Fig. 6.5).
6.3.6.1 (T)n monothymidine repeat section. (poly-(T) stretch).
The sequence length variation of 537 to 541 bp in all Nimbya isolates
from Alternanthera was due to a length polymorphism in the single polymonothymidine repeat section ranging from (T)n=8 to (T)n=12 in ITS2 (Fig. 6.6).
Most sequences from Australia and New Zealand contained stretches of (T)9 or
(T)10.

A smaller number were (T)12 and there was also one (T)8 from A.

denticulata in the Northern Territory (Fig. 6.6). The only other (T)8 from the
Nimbya sequences studied was from the Nimbya species from Ptilotus in
Queensland. Five of the six sequences from alligator weed in China from this
study and GenBank were (T)10 as were five of the six sequences from the USA.
The ex Type of Nimbya perpunctulata from Baton Rouge Louisiana USA and
the other N. alternantherae sequence from China contained the rare (T)11 found
only in one Australian sequence in this study.

The Nimbya isolates from

Alternanthera can be subdivided into five groups based on poly-(T) length and
are listed in Figure 6.6.
This same region of ITS2 was sourced from 178 GenBank sequences
(only a fraction of the sequences available) ranging from closely related genera
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such as Alternaria to others outside Pleosporaceae but still within the order
Pleosporales and listed in Figure 6.7. Representative isolates from Figure 6.6
were included and a possible alternative alignment suggested by the inclusion
of species distant to Nimbya was prepared by hand (Fig. 6.7). The most distant
sequences to Nimbya from Alternanthera in the figure are Alternaria longissima,
suggested by Pryor & Gilbertson (2000) to be an anamorph of a Leptosphaeria
then transferred by Simmons (2007) to a new mitosporic genus as Prathoda
longissima, and Wettsteinina, with the poly-(T) section completely absent,
formerly included in Pleosporaceae (Shoemaker & Babcock 1987) but then
removed (Kodsueb et al. 2006) and placed as a temporary measure in
Dothidiomycetes incertae sedis (Note 4598, Lumbsch & Huhndorf 2007).
A similar pattern of poly-(T) stretches can be seen within Nimbya and
close relatives. All Nimbya from amaranthaceous hosts exhibited a (C) at site
47 of the alignment in Figure 6.6. Their close relatives, Nimbya from monocots
along with Alternaria, Ulocladium, Embellisia, Crivellia and some Lewia,
contained a (T) at this position. Although other polymorphisms in other regions
of the ITS sequence adequately separate these taxa from the Nimbya isolates
from amaranthaceous hosts (Fig. 6.5), it is interesting to note the comparison in
the poly-(T) stretch (Fig. 6.7).

Most poly-(T) stretches of named Alternaria

species are shorter than the Nimbya isolate stretches at either (T)7 or (T)6.
Exceptions were A. alternata isolates where out of fifteen sequences in Figure
6.7, ten had a (T)7 and five were (T)6. Six isolates of A. longipes were identical
to the majority of A. alternata with a (T)7 and only one was (T)6. All seven
Ulocladium sequences were (T)6 as were four of the six Embellisia sequences.
Some large-spored filament-beaked Alternaria species had a minority
representation resembling the isolates of Nimbya from Alternanthera by having
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a range of longer stretches of poly-(T) from (T)8 to (T)12. It is unclear whether
the longer (T) stretches are rare in Alternaria or are due to an under-sampling
within GenBank of the species with this characteristic. The Lewia group ranged
between (T)6 to (T)9 but most were characterised by the same (C) transition as
the Nimbya isolates from Amaranthaceae.

Another exception was the A.

radicina group with a different characteristic sequence in this region (Fig. 6.7).
This group also appears to have a remarkable resemblance to the unique
polymorphisms of N. celosiae and N. gomphrenae included twice in Figure 6.7
with dual alignments to demonstrate the likeness.

A poly-(T) stretch of six

appears to be the lower limit in Alternaria (possibly five depending on alignment
of A. radicina group) and eight in Nimbya.
6.3.6.2 ITS2 secondary folding structure
Schultz et al. (2005), Wolf et al. (2005) and Coleman (2007) highlighted
the conservation of ITS2 secondary folding structure within the Eukaryota.
Using

the

ITS2

Database

III

(Koetschan

et

al.

2010)

found

<http://its2.bioapps.biozentrum.uni-wuerzburg.de/cgi-bin/index.pl?about>,

at
the

secondary structure of Nimbya and related isolates was investigated.
The poly-(T) length polymorphism was accommodated within a (T) bulge
at the apex of helix IV (Fig. 6.8) and changes to its length did not have an effect
on secondary folding structure of the ITS2 region.

The ITS2 Database III

(Koetschan et al. 2010) has identified three conserved motifs in the ITS2 region
of plants and fungi. The motif scan tool used HMMer (Eddy 1998) to annotate
eukaryote sequence motifs with Hidden Markov Models (HMMs) and all of their
sequence motifs were identified using MEME (Bailey & Elkan 1994).
Conserved motif (1) (GCTTGGTGTTGGGCG) said to be on the 5’-side of helix
II in plants, but here found to incorporate parts of both helix I and helix II (Fig.
6.8), was found to be identical for all isolates and species in the dataset from N.
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alternantherae to Stemphylium and Exserohilum. The other two motifs were
less conserved in fungi compared to plants (Schultz et al. 2005; Coleman
2007). Conserved motif (2), found to the right of helix II (between helix II and
helix III) (Fig. 6.8) exhibited the polymorphisms shown in Figure 6.9. All Nimbya
isolates from amaranthaceous hosts contained the same polymorphism
(CTTAAAGGAATTGGC). Small-spored species of Alternaria and Ulocladium
differed by one transversion (CTTAAAGTAATTGGC) and all Nimbya isolates
from monocots and large-spored Alternaria sequences had an additional
transversion at the adjacent nucleotide (CTTAAAGTCATTGGC). Crivellia had
a (T) at the second variable site (CTTAAAGTTATTGGC) and differed from
Nimbya from Amaranthaceae by two transversions (Fig. 6.9). Conserved motif
(3) on the 5’ side of helix III is said to be present in some form in all eukaryotes
(Coleman 2007) and used in prediction of intercrossing ability between
biological species (Coleman 2009). Conserved motif (3) was not recognised by
the software in any of the isolates from this study.

6.3.7 The gpd locus
PCR amplification of the gpd gene was attempted from the genomic DNA
of 72 isolates of Nimbya, two isolates of A. alternata and one of E. monoceras
(Table 6.1). The primers gpd1 and gpd2 (Berbee, Pirseyedi & Hubbard 1999)
(Table 6.2) were used to amplify approximately 600 bp of the gpd gene
including two introns and exon sequence.
Under the conditions of the PCR, eight Nimbya isolates did not produce
amplicons. Sixty-four Nimbya isolates in addition to two of A. alternata and one
of E. monoceras were amplified in the PCR but three Nimbya isolates did not
produce readable sequences (Table 6.1).

After removal of the primers, all

amplicons from isolates of Nimbya from Alternanthera, N. gomphrenae, N.
scirpivora and A. alternata were equal in length at 579 bp.
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The Nimbya

celosiae isolates were slightly longer at 581 bp and the isolate of Nimbya from
Carex from New Zealand was shorter at 578 bp.

The more distant E.

monoceras was only 522 bp long.
The 64 sequences generated in this study were aligned with a large
number of related isolates from within the family Pleosporaceae obtained from
GenBank (Appendix 2).

The GenBank sequences included a sequence of

Crivellia papaveracea described by Inderbitzen et al. (2006) also included in the
ITS analysis and discussed in relation to similarities of sexual state with Nimbya
in Chapter Five.
Hong et al. (2005) removed 182 characters of intron sequence from their
analysis to facilitate alignment of more distant sequences and to utilise
sequences lacking one of the two introns. Both introns were removed from this
analysis to observe the relative positions of Nimbya, Alternaria and Crivellia to
other genera in the Pleosporaceae.

The aligned dataset contained 110

sequences of 426 characters in length with 104 (24%) variable sites of which 71
(17%) were parsimony informative.
The four parsimony informative sites found in all Nimbya from
Alternanthera and all within the intron sequences were thus not included in the
above analysis. The same 110 sequences were then included in a dataset with
both introns and manually aligned. This dataset was 609 characters long and
included 266 (44%) variable sites of which 224 (37%) were parsimonyinformative. For ease of presentation, a simpler third dataset including both
introns but excluding the more distant outgroups was also prepared. Seventyfour sequences of Nimbya, Alternaria and Crivellia were aligned to form a
dataset 595 characters in length. This aligned dataset contained 170 (29%)
variable sites of which 106 (18%) were parsimony informative. The Nimbya
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sequences from amaranthaceous hosts contained 38 (6%) variable sites of
which 26 (4%) were parsimony informative.
The unrooted tree (Fig. 6.10) presents the intronless gpd data generated
in this study relative to the range of genera within the Pleosporaceae available
on GenBank. There is only weak support for most terminal groups including
Alternaria and Nimbya species excepting the single sequence of Nimbya from
Ptilotus. There is no support however for the basal divergences in the tree.
The Nimbya species from monocots do cluster together, and along with
Crivellia, are basal to all other Nimbya species and Alternaria except the Lewia
infectoria group. One anomaly in this tree is that the A. alternata group is
recovered as a sister group (albeit with no bootstrap support) to Nimbya from
Alternanthera with other Nimbya species from Amaranthaceae in a basal
position.
Inclusion of the intron sequences resulted in some difficulty and
ambiguity in manual alignment but improved the resolution of the Nimbya
species and placed the A. alternata group as a sister group of all Nimbya
species from Amaranthaceae with strong bootstrap support (Fig. 6.11).
Monophyly of the Nimbya from monocots group is well supported as is its wide
separation from other Nimbya although where exactly it is placed relative to
Crivellia is ambiguous and unsupported.

Placement of the Lewia and

Pyrenophora chaetomioides group is also ambiguous. The Lewia sequences
were further characterised by a 60 bp deletion. With the inclusion of the two
introns in this dataset, the polymorphisms within the Nimbya from Alternanthera
sequences are now apparent although with weak to no support.
The smaller 74 isolate set with both introns included covers all Nimbya
sequences in the study as well as the A. alternata group of small-spored
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catenate conidia and the A. porri clade of large conidia with beaks (Fig. 6.12).
All Nimbya species and Alternaria groups are well supported as are
relationships among them demonstrating the phylogenetic relationship of smallspored Alternaria as a sister group to Nimbya from Amaranthaceae and
Crivellia “basal” to both. The Nimbya from monocots cluster together and are
clearly different at the generic level to those from amaranthaceous hosts.

6.3.8 The EF-1α locus
The primers EF1-728F and EF1-986R (Carbone & Kohn 1999) (Table
6.2) were used to attempt amplification of a portion of the EF-1α gene
comprised mostly of intron sequence from 76 isolates of Nimbya, Alternaria and
Exserohilum (Table 6.1). Twenty of the Nimbya isolates from Alternanthera
templates did not yield PCR products even though several attempts were made
using different PCR protocols, and a further four amplicons did not produce
readable sequences (Table 6.1). Most sequenced isolates yielded a portion of
the EF-1α gene 223 to 246 bp in length comprised of mostly intron with the start
of the exon sequence near the 3’-end. Within these, the sequences from the
Alternaria alternata isolates and all Nimbya isolates from Alternanthera were
240 bp long. Sequences of Nimbya species from monocot hosts were slightly
longer for N. scirpivora (242 bp) and N. scirpinfestans (243 bp) both from
Scirpus but shorter for the Nimbya isolate from Carex secta from New Zealand
(232 bp). Two extra-variable regions were observed within the intron sequence.
A series of nucleotide insertions and deletions when compared to the above
sequences were observed within these regions. The three isolates of Nimbya
from Gomphrena were the shortest sequences due to a 17 bp deletion in
variable region 2 (VR2) while the Nimbya isolate from Ptilotus also had a
deletion of 9 bp but within variable region 1 (VR1). The two N. celosiae isolates
had an insertion of 6 bp in VR1 and the more distant E. monoceras was much
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longer (322 bp) due to a 12 bp insertion in VR1 and an 80 bp insertion in VR2.
The E. monoceras insertions were removed for analysis.
EF-1α sequences covering the same section of the gene were retrieved
from GenBank (Appendix 2) and added to the sequences from this study. The
aligned dataset was 257 characters long and encompassed 81 taxa.
Inderbitzen et al. (2006) sequenced EF-1α from their Crivellia papaveracea and
Brachycladium papaveris isolates and deposited the sequences on GenBank
however when aligned in this dataset, the first 78 bp (30% of the alignment) was
missing and so both isolates were removed from the analysis. Sequences of
Lewia infectoria and related species were added to the dataset for visualisation
of the position of the Nimbya species from monocot hosts. The whole dataset
contained 130 (51%) variable sites of which 93 (36%) were parsimony
informative while within the Nimbya from Alternanthera sequences there were
four (1.6%) variable sites of which only two were parsimony informative.
The unrooted NJ tree (Fig. 6.13) generated from the data shows
moderate support for the monophyly of Nimbya from Alternanthera although
with very-weak to weak support for the subgroups delimited by the two
transitional polymorphic sites. The A. alternata group is again well supported
and forms a sister group to Nimbya species from amaranthaceous hosts while
the Nimbya species from monocot hosts with long terminal branches are distant
and a sister group to the Alternaria radicina group as also observed in the actin
dataset of Figure 6.2.

The Nimbya isolates from Gomphrena are strongly

supported as a sister group to those isolates from Alternanthera, and as with
the actin dataset (Fig. 6.2), N. celosiae and Nimbya from Ptilotus are placed
“basally” but unresolved.
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6.3.9 Multi-locus analysis (ITS, gpd and EF-1α)
6.3.9.1 Datasets configuration 1
In order to incorporate the Crivellia sequences available for all three
genes on GenBank (Appendix 2) each gene sequence was trimmed and the
shorter datasets subjected to NJ analysis separately before concatenation.
6.3.9.1.1 ITS config.1 dataset NJ analysis (Fig. 6.14)
The condensed ITS dataset (Fig. 6.14), in contrast to all available data
used for Figure 6.5, displays increased support for the group including Nimbya
from Alternanthera and Gomphrena hosts compared to Figure 6.5 (89% cf. 62%
bootstrap).

There is no change however to the monophyletic Nimbya from

Alternanthera group, still with very strong bootstrap support.
6.3.9.1.2 gpd config.1 dataset (Fig. 6.15)
In contrast to the full dataset used in Figures 6.10 and 6.11, the Nimbya
from Alternanthera group in Figure 6.15 contains only two subgroups due to the
exclusion of some parsimony informative characters in the shorter dataset. The
rest of the topology is similar.
6.3.9.1.3 EF-1α config.1 dataset (Fig. 6.16)
The topology of this NJ tree (Fig. 6.16) has changed compared to Figure
6.13 with N. celosiae now a sister group to the A. alternata and other
amaranthaceous Nimbya groups and the Nimbya from Ptilotus has changed
branches.

However no branches are particularly well supported by the

bootstrap analysis.
6.3.9.1.4 Concatenated (ITS, gpd, EF-1α) config.1 dataset (Fig.
6.17)
The combined ITS, gpd and EF-1α dataset of 54 isolates by 1104
characters contained 285 (26%) variable characters of which there were 207
(19%) parsimony informative sites and 78 singletons. Sequences of the 36
Nimbya isolates from Alternanthera were highly conserved with only five (0.5%)
variable sites of which three were parsimony informative.
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Branch support improved with the combined data (Fig. 6.17) compared to
the single-gene analyses (Figs. 6.14; 6.15; 6.16) and branch resolution
appeared to be most affected by the gpd data (Fig. 6.15). Position of the A.
alternata group in Figure 6.17 as a sister group to all Nimbya from
Amaranthaceae is again strongly supported as in the single gpd gene tree of
configuration 1 (Fig. 6.15) and the longer sequences in Figure 6.12.

Each

species group within the Nimbya from Amaranthaceae group is strongly
supported in this combined set reflecting branch support in the single gpd (Fig.
6.15) and ITS (Fig. 6.14) trees. The Nimbya from monocots group with long
terminal branches resolves as a sister group to the Crivellia group but with weak
bootstrap support (65%) and both are separated from amaranthaceous Nimbya
by the small-spored A. alternata group.
6.3.9.2 Datasets configuration 2
In order to utilise all available sequence length, the shorter sequences
from GenBank were removed from the datasets. Each set was again subjected
to NJ analysis before concatenation.
6.3.9.2.1 ITS config.2 dataset (NJ tree not shown)
This dataset was essentially the same as that used for Figure 6.5 except
containing fewer sequences and produced essentially the same tree (tree not
shown) although with increased support for the A. alternata group as a sister
group to all Nimbya isolates from Amaranthaceae.
6.3.9.2.2 gpd config.2 dataset (NJ tree not shown)
As with the ITS Configuration 2 data above, the tree topology of this set
(tree not shown) is virtually the same as Figure 6.12. although the smaller
number of sequences of Nimbya from Alternanthera has resulted in the
resolution of fewer terminal sub-groups. Other species groups are in the same
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positions although bootstrap support has reduced for Nimbya from Ptilotus and
N. celosiae compared to Figure 6.12.
6.3.9.2.3 EF-1α config.2 dataset (NJ tree not shown)
Branch resolution improved (tree not shown) over the single-gene tree in
configuration 1 (Fig. 6.16).

The topology is virtually identical to the larger

dataset used for Figure 6.13.
6.3.9.2.4 Concatenated (ITS, gpd, EF-1α) config.2 dataset (Fig.
6.18)
This dataset with fewer isolates (47) but an increase to 1428 characters
was slightly more variable than configuration 1 containing 341 (24%) variable
characters of which 168 (12%) were parsimony informative. The 167 singletons
were mainly in the E. monoceras sequence and to a lesser extent in the
sequences of Nimbya from monocots. This extended dataset with the introns
included contained variability in Nimbya from Alternanthera sequences
revealing 13 (1%) variable sites among these isolates of which four were
parsimony informative.
Topology and branch support is similar between the combined data for
configuration 1 (Fig. 6.17) and the tree formed from this dataset (Fig. 6.18).
Exclusion of the outgroup and long-branch extraction were trialled (Bergsten
2005) to test for long-branch attraction contributing to the “basal” position of the
Nimbya from monocots group with no change to the topology. The N. celosiae
group however has reduced bootstrap support in this tree compared to the
combined dataset of configuration 1 (Fig. 6.17).

With the longer sequence

length of Configuration 2, five sub-groups within the Nimbya from Alternanthera
group (Fig. 6.18) have been resolved compared to four in configuration 1 (Fig.
6.17) albeit with none to very weak bootstrap support. On close inspection of
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the data, these terminal sub-groups owed their resolution to parsimonious point
mutations (haplotypes) within the gpd and EF-1α introns.

6.3.10 Haplotype analysis
Only three characters within the gpd and two characters within the EF-1α
datasets were responsible for the sub-groups (haplotypes) within the Nimbya
from Alternanthera group in Figure 6.18 and together with the (T)n polymorphic
site in ITS2 are listed in a haplotype table in Figure 6.19.

Group-1 is

characterised by (CTCTA), group-1a by (CTCTG), group-1b by (CTTTA) and
group-1c by the basic group-1 haplotype (CTCTA) but with a different (T)n in the
ITS2. All group-1 isolates from Australia have a (T)9 ITS2 haplotype sequence
and all those from USA and China representing group-1c have (T)10 or in one
case (T)11. Group-2 sequences are characterised by (CTCCA) and group-3 by
the (CACCA) haplotype.

Finally, group-4 sequences are characterised by

(TACCA). Group-2 all have a (T)9 ITS2 sequence (except the Northern Territory
isolate which has the extremely rare (T)8). Group-3 contains all of the (T)12
ITS2 sequences along with another two (T)9. All of group-4 are characterised
with the (T)10 ITS2 sequence (except one at (T)11). Isolates with data missing
were placed in presumptive positions in groups based on site of isolation and/or
ITS2 (T)n sequence (Fig. 6.19).
From the NJ trees in this study and previous phylogenetic studies of
Alternaria where A. infectoria consistently formed the basal clade of the genus
(Pryor & Gilbertson 2000; Pryor & Michailides 2002) it can be presumed that the
A. alternata bases at these haplotype sites are ancestral to Nimbya from
Amaranthaceae (Fig. 6.19).

Group-1 are identical at the five sites to A.

alternata (and also other amaranthaceous Nimbya) while differing only with a
higher (T)n (A. alternata = (T)7; Group-1 = (T)9; Group-1c = (T)10

&11)

and are

thus presumed to be the ancestral group within the Nimbya from Alternanthera
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group. Group-1 is further sub-divided into 1a and 1b due to relatively rare base
changes at position 208 of the EF-1α sequence and position 90 of the gpd
sequence respectively.

Group-1c was deemed worthy of separation on the

basis of representing a (T)10 & 11 ITS2 haplotype present in all USA and China
isolates. Group 1b and 1c are unresolved in Figure 6.18 however the groups
according to the haplotype table in Figure 6.19 have been indicated. Group-2
have evolved with one transition in the EF-1α sequence but still retaining the
(T)9 ITS2 haplotype of group-1. Group-3 have an additional transversion in the
gpd sequence and most sequences have the (T)12 ITS2 haplotype. Group-4 are
the most “advanced” with an additional transition in the gpd sequence and are
characterised by one (T)11 and the majority (T)10 ITS2 haplotype (Fig. 6.19).
The ITS2 haplotypes were not entirely congruent with those from the gpd and
EF-1α sequences (Fig. 6.19) possibly due to differing rates and constraints on
point mutations. Although the β-tubulin sample was small, this locus appears to
have the potential to subdivide the haplotype populations even further with its
one parsimonious site (Fig. 6.19).
In summary, group-1 to group-4 progress from ancestral to advanced
and the (T)9 haplotype in ITS2 was only found in Australian isolates from group1 and group-2 (a couple in group-3). The (T)12 ITS2 haplotype was only found
in Australian isolates from group-3 whereas (T)10

& 11

was only found in

Australian isolates of group-4 AND all the China and USA isolates comprising
group-1c.
Mating ability data for the Nimbya isolates from Chapter 5 is included in
Figure 6.19. Group-1b with a change from (C) to (T) at base 90 of the gpd
sequence is represented by DNA14 and two sequences of DNA35. Another
two isolates in this group are DNA58 and DNA59, both single ascospore
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progeny of a mating between DNA35 (group-1b) and DNA45 (group-2). It is
worth noting that other progeny of this union display the polymorphisms of the
other parent (DNA45 in group-2) (Fig. 6.18; Fig. 6.19).
A trend was observed in mating ability within haplotype groups. Ten of
the fifteen isolates with successful mating outcomes (67%) have a group-1
haplotype whereas three (20%) were in group-2 and two (13%) in group-3 (Fig.
6.19).

No successful matings were observed in isolates with a group-4

haplotype. Unions producing well-formed but sterile perithecia (types B and C)
followed a similar trend (group-1 = 50%, group-2 = 25%, group-3 = 13%)
although one (13%) sterile mating (type B) was observed with a presumed
group-4 isolate (Fig. 6.19). Further analysis of the parental haplotype group
showed that group-1 produced successful intra-group matings and inter-group
matings with group-2 and group-3. Group-2 was also able to produce intragroup matings but no inter-group mating with group-3. Group-3 had no intragroup matings and only mated with group-1 whereas group-4 was infertile in all
attempted intra- and inter-group matings. Furthermore, no successful matings
were found in group-1c (with (T)10 & 11) comprising isolates from USA and China.

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

6.4 Discussion
The above results support the findings of Chapters 4 and 5 and clarify
the points raised in the introduction of this chapter. A discussion of results from
individual loci is followed by conclusive remarks below.

6.4.1 The actin locus
The actin locus was able to resolve the species structure of the Alternaria
and Nimbya isolates verified with increased support by other loci in this study.
However very little information was available on groups within the Nimbya
isolates from Alternanthera. Peever et al. (2004) found this portion of the actin
gene to be invariant for small-spored Alternaria isolates from seven well
supported clades observed in their multi-gene analysis.

Using the same

primers, Park, Romanoski & Pryor (2008) also found nucleotide characters in
this portion of the actin gene to be invariant between Alternaria species. An
example in this study was the Alternaria alternata sequence from pomegranate
in Israel (GenBank GQ240307) shown to be invariant from A. alternata from
alligator weed in Australia (Fig. 6.2).
observed

intraspecific

variation

in

Although Carbone & Kohn (1999)
the

homothallic

fungus

Sclerotinia

sclerotiorum, the low variation reported here is further evidence to that of
Peever et al. (2004) and Park, Romanoski & Pryor (2008) for the failure of this
gene fragment to distinguish intraspecific differences and/or close species
differences at least in Alternaria and Alternaria-like taxa.

6.4.2 The calmodulin locus
The low level of polymorphism reported here in this region of the
calmodulin gene was also found by Peever et al. (2004) where only three
polymorphic sites were observed in this same region during a study with smallspored Alternaria isolates representing nine different well-supported clades from
their multi-gene analysis.
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Although the design of Nimbya specific primers could have been
accomplished to amplify a more representative set of isolates, due to the low
level of variation within the Nimbya from Alternanthera group thus far observed,
any further investigation with the calmodulin target locus was considered of low
importance and discontinued.

6.4.3 The Alt-a-1 locus
The apparent paralagous Alt-a-1 sequences of the Nimbya isolates in
this analysis (Fig. 6.4) are clearly incongruent with the phylogenetic analysis of
other genes such as ITS, gpd and EF-1α. Cramer & Lawrence (2003) however,
showed Alt-b-1 in A. brassicicola (an isoenzyme to Alt-a-1) to apparently be a
single-copy gene.

The possible existence of paralagous copies was not

mentioned by Hong et al. (2005) however they did report the exclusion of
Embellisia hyacanthi, E. leptinellae and E. proteae from their work due to the
difficulty of amplification and also a need to shorten their primers for other
difficult templates. Shortened primers were not employed in this work. This
phenomenon appears to be specific to Nimbya in this investigation as no
apparently paralagous copies in named species appear on GenBank.
The observed multiple PCR bands could possibly be due to paralagous
genes existing as longer and/or shorter recombinations within the genome. It is
also possible that the relatively few amplicons obtained from Nimbya in this
study (notably from only a few populations, eg all of Cairns isolates, most of
Baton Rouge isolates) could be a subset of isolates containing only one copy of
the gene.
The different sequences observed within Nimbya species (eg DNA35
and DNA77) as well as the similarity of sequences between some species, (eg
N. alternantherae, N. gomphrenae and N. scirpinfestans) point towards the
possible horizontal transfer of Alt-a-1 copies possibly on a conditionally
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dispensable chromosome as is the case with host-specific toxins of Alternaria
(Johnson et al. 2001; Hatta et al. 2002; Akagi et al. 2009). In contrast to studies
on the genus Alternaria (Pryor & Bigelow 2003; Hong et al. 2005; Park,
Romanoski & Pryor 2008) this locus could not be used for phylogenetic analysis
of Nimbya.
The suspected paralagous copies of Nimbya from Alternanthera differed
in length from each other by only one nucleotide within the intron region.
Paralogous copies of the EF-1α gene in honeybees contained length
polymorphisms of 392 bp and around 600 bp (Danforth & Shuqing 1998).
However the ribosomal ITS region, known for the homogenisation of repeats,
was found to contain nonorthologous copies of the same length in the genera
Ascochyta (Fatehi & Bridge 1998) and Fusarium (O’Donnell & Cigelnik 1997).
Although the copy-specific primers designed in this study show only one copy
(or very similar copies) present in each genome, the investigation was not
exhaustive and was inconclusive. Further investigations of this locus would
require larger samples and sequencing of amplicons from the primers designed
in this study or the use of DNA cloning techniques. Alternatively a modified gel
electrophoresis technique could be trialled to separate sequences of similar size
but with different base composition (Muller et al. 1981; Wawer et al. 1995).

6.4.4 The ITS locus
The ITS sequence data presented here has confirmed the polyphyletic
nature of the genus Nimbya observed with the production of two different
teleomorphs in Chapter 5, resulting in two well-defined groups: those species
from monocot hosts and those from hosts within the dicotyledonous
Amaranthaceae. Although clustering with other Nimbya species from monocot
hosts (Fig. 6.5), the separation of the two named sequences from GenBank of
Macrospora scirpicola into different subgroups characterised by their host
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genus (Scirpus vs Carex) suggests a possible misidentification of (GenBank
sequence AY359887) relative to the authenticated isolate (EGS19-016,
GenBank sequence AY278838). Sequence AY359887 is identical to that of the
New Zealand Nimbya species from Carex secta but no isolate identification or
host details are recorded with the sequence on GenBank.

The potential

unreliability of sequence identifications in GenBank has been articulated by
Valkiunas et al. (2008) who have suggested the lodgement of voucher
specimens to minimise uncertainties. The problem had already been noted by
Geiser et al. (2004) where a DNA sequence database with vouchered
specimens has been set up for the fungal genus Fusarium. Bridge et al. (2003)
suggest that up to 20% of fungal sequences available in GenBank could be
unreliable however Hawksworth (2004) questions their method and suggests a
lower figure. A later and more thorough investigation by Nilsson et al. (2006) of
51354 fungal ITS sequences on GenBank reveal similar findings to that of
Bridge et al. (2003). Most sequences of Alternaria and close relatives within the
Pleosporaceae, available on GenBank are from authenticated isolates and are
in sufficient numbers to expose misidentifications.
6.4.4.1 ITS2 conserved motifs
Conserved motifs in the ITS2 region revealed some polymorphism within
the family Pleosporaceae. Conserved motif (1) was identical for all species
from Nimbya to Exserohilum.
species/group

level

showing

The other showed differences at the
the

similarity

of

Nimbya

species

from

Amaranthaceae contrasted with the Nimbya species from monocots.

The

number of relative changes reflected the distance shown in Figure 6.5 for the
whole ITS sequence. The large-spored Alternaria and Nimbya from monocots
shared the same conserved motif which suggests a close relationship. This
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relationship was seen in the total ITS sequence data in Figure 6.5 where they
are seen as sister groups although with no support for their position.
The monothymidine repeat polymorphism was the only difference
revealed within ITS2 of the Nimbya isolates from Alternanthera. The accurate
replication of mononucleotide repeats during PCR has been questioned (T
Peever, pers. comm. 2007) and polymerases available on the market have
different levels of fidelity in reproduction. Clarke et al. (2001) demonstrated the
introduction of errors to long mononucleotide repeats as an artefact of the PCR
technique.

The errors were usually in the form of repeat contraction and

particularly due to the fidelity of the polymerase used. AmpliTaq (Perkin Elmer,
Branchburg, New Jersey, USA) faithfully replicated (T)9 stretches and 90% of
(T)11 whereas Pfu (Stratagene, Amsterdam, The Netherlands) had an accuracy
of 84% at (T)13 compared to 33% for the AmpliTaq (Clarke et al. 2001).
Invitrogen Platinum® Taq as used in this study with its proofreading ability and
hot start has a higher fidelity than AmpliTaq but lower than Pfu (Borns &
Hogrefe, 2000) thus by their method, would be expected to be accurate to
around (T)12. However, Hong et al. (2009) showed that this may be increased.
They used TaKaRa LA TaqTM with fidelity slightly poorer than Platinum® Taq
(Borns & Hogrefe, 2000) to amplify a (T)19 stretch in the A+T-rich region of the
cabbage butterfly (Artogeia melete) mitogenome.

They also compared the

same region from another 35 published species and were able to demonstrate
the highly conserved nature of this poly-(T) stretch within the Lepidoptera (Hong
et al. 2009).

The data also reveal the high reproducibility of the poly-(T)

replication over many genera and superfamilies under differing DNA
polymerase and PCR conditions. From this evidence, and the identical repeat
PCR sequences from this study (data not shown), confidence in the Nimbya
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and Alternaria data with poly-(T) stretches ranging from (T)12 to (T)6 is justified.
Furthermore, the GenBank sequences used for comparison in Figure 6.7
demonstrate homogeneity in the poly-(T) region regardless of the laboratory of
origin and the PCR conditions used. Further evidence can be seen in the data
of Kusaba & Tsuge (1995) where the ITS2 sequences of ten small and largespored Alternaria species have a poly-(T) stretch between (T)6 and (T)8. The
poly(T) stretch and the conserved motif in the ITS of the Nimbya species could
contain possibilities for development of an oligonucleotide barcode as outlined
by Druzhinina et al. (2005) or oligonucleotide probes using the ITS2 secondary
structure (Landis & Gargas 2007). Although not attempted in this study, the
poly-(T) stretch will be added to further analysis as a single character.

6.4.5 The gpd locus
As with the ITS locus, the gpd sequences supported all Nimbya isolates
from an Alternanthera host, whether from Australia, New Zealand, China or the
USA, as a single taxon. However, within this group the sequences contain four
polymorphic sites, two of which divide the well supported group into four
terminal groups (haplotypes) although with weak to no bootstrap support (Fig.
6.12; Fig. 6.19). Park, Romanoski & Pryor (2008) reported three haplotypes
within their gpd sequences from A. radicina and A. carotiincultae. Two were
within A. radicina but the other was found in both species. This incongruence
proved problematic when they concatenated their data into a four-gene
combined analysis (Park, Romanoski & Pryor 2008). No incongruence was
found within the Nimbya species in the present study.

6.4.6 The EF-1α locus
The EF-1α locus was less informative than ITS and gpd in separating
species however two polymorphic sites within this gene fragment were able to
separate the Nimbya from Alternanthera isolates into three groups albeit with
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weak bootstrap support. The Nimbya species from monocots are again “basal”
to the A. alternata group adding support to the ITS and gpd data that they are
definitely a different genus to Nimbya from Amaranthaceae. If primers specific
to the Nimbya isolates had been designed the other 21 sequences may have
been amplified gaining a clearer image of the haplotype groups.

6.4.7 The multi-locus analysis
The paraphyly of Nimbya was also observed in the gpd, EF-1α and actin
gene trees and with strong bootstrap support in the combined datasets. This
pattern is not reflected in the Alt-a-1 data however as phylogeny is confused by
the apparent presence of more than one copy of the gene in Nimbya.
Likewise Crivellia was seen to be distinct from the Nimbya species from
Amaranthaceae with weak support for their basal placement as a sister group to
the Nimbya species from monocot hosts (Fig. 6.17). The type species of the
genus Crivellia (C. papaveracea) resembles the teleomorph state produced by
Nimbya from Alternanthera and N. celosiae reported in Chapter 5 but differs in
having a Brachycladium anamorph. It is also morphologically different from the
Macrospora teleomorph of Nimbya species from monocot hosts.
The species of Alternaria with small-spored catenulate conidia,
collectively known as the Alternaria alternata group, appear to be the closest
relative to Nimbya species from amaranthaceous hosts with strong bootstrap
support in both multi-locus configurations tested.

The catenulate chains of

small conidia observed in Nimbya isolates from Alternanthera in Chapter 4 lend
support to this close relationship. The similarity in teleomorph state between
Crivellia and Nimbya from amaranthaceous hosts albeit with different
anamorphs, suggests a conservation of form which may also be present in the
intervening A. alternata group. To date, no teleomorph has been found for this
important A. alternata group of species.
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Species of Nimbya from amaranthaceous hosts are clearly separated at
the host genus level with strong bootstrap support. The Nimbya species from
Ptilotus in Queensland is a sister group to all other amaranthaceous Nimbya
and clearly separated from the rest. It also differs from the rest in morphology
with a close resemblance to N. crassoides but possibly different and specific to
the host genus. The genus Ptilotus is endemic to Australia with 101 named
species and many varieties recognised (Australian Plant Census, nd) however
the pathology of this genus has not been surveyed. This isolate may represent
a uniquely Australian species or have arrived in Australia with Froelichia
floridana as discussed in Chapter 4. The NJ analysis of sequence data for N.
celosiae isolates (from USA and China) along with a sequence (NC10) from
China on GenBank, support the differing morphology and host preference of
this species compared to Nimbya from Alternanthera.

Although there are

differences in conidia morphology between the N. gomphrenae isolate
MAFF238855 from Japan and the Nimbya isolates from Gomphrena celosioides
in the Northern Territory, the sequence data clearly support their monophyly.
Australia is home to 33 species of Gomphrena (including two naturalised
species) which are mainly distributed across the tropical north (Palmer 1998).
Conidia morphology appears to be more variable than the genes sampled and
although the two Northern Territory isolates were found approximately 200km
apart on the introduced weed G. celosioides, it can be speculated that they are
possibly also pathogens of the native Gomphrena and are evolving in isolation
from their Asian counterparts on G. globosa. Despite many attempts during the
survey (Chapter 2), no Nimbya species have yet been isolated from G.
celosioides in more southern parts of Australia. The sequence data show the
Nimbya gomphrenae group to be the closest relative to Nimbya isolates from
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Alternanthera and it is worth noting that both hosts belong to the subfamily
Gomphrenoideae within the Amaranthaceae. The sequence data show Nimbya
species from Amaranthaceae to be monophyletic.

The sequence data also

show Nimbya isolates from Alternanthera to be monophyletic and along with
morphology and mating data (Chapters 4 and 5) suggest that all isolates from
Alternanthera are members of a single species. Hence there is no molecular
support and only minimal morphological support (Chapter 4) for the continuation
of Nimbya perpunctulata and it is recommended that it should be recombined
into a broader redescription of the species N. alternantherae.
It must be stated here that there is no prescribed number of nucleotide
differences that indicate a species boundary. Phylogenetically distinct Fusarium
species may have identical TEF (= EF-1α) gene sequences or contain one to
many nucleotide differences (Geiser et al. 2004). The converse is also true
(Geiser et al. 2004) and is very pertinent to the current work where, in spite of
determined effort with different loci and molecular analysis techniques, Andrew,
Peever & Pryor (2007) and a number of previous researchers were still unable
to resolve the small-spored Alternaria morphospecies, A. alternata and A.
tenuissima.
Nimbya from Amaranthaceae are clearly different from Nimbya species
from monocots by the different teleomorph state (Chapter 5) and positions on
the NJ trees.

This difference is further reinforced by the different ITS2

conserved motif between the two groups. Furthermore Crivellia is shown to be
a sister group further removed to the A. alternata group and not closely related
to Nimbya from Amaranthaceae. This finding supports the morphological data
in Chapter 5 where the two genera do not share a common anamorphic state
and small differences in perithecia and ascospore morphology.
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Nimbya alternantherae and N. perpunctulata are shown to belong to the
same species as indicated by tree topology and haplotype analysis.
Differences in conidia morphology can be interpreted as extremes in conidia
plasticity within the species.

However N. gomphrenae, N. celosia and the

Nimbya sp. from Ptilotus are supported as separate species within the larger
group of Nimbya from Amaranthaceae.
The haplotype differences within the Nimbya from Alternanthera did not
appear to correlate with differences in conidia morphology although some
geographic difference was observed.

Assuming the observed base

substitutions are permanent and inherited by successive generations either
clonally or by rare recombination events a population structure does begin to
emerge with geographic origin and mating ability data from Chapter 5 (Fig.
6.19). Nimbya isolates comprising group-1c from southern China and Louisiana
USA, the latter being the origin of both N. alternantherae and N. perpunctulata
Type cultures, are unique and clearly distinct from all others from Australia and
New Zealand due to the group-1 haplotype and (T)10 & 11 polymorphism in ITS2.
Isolate AW51/1/1 (DNA67) from A. sessilis in Queensland had the closest
conidia morphology to the Type of N. alternantherae (Chapter 4) but was a
member of group-2 also containing the presumed native isolate of Nimbya from
A. denticulata in Orange NSW.

Group-1 and group-2 only differ by one

polymorphism in the EF-1α gene segment and it has been shown (Chapter 5)
that these two groups can cross resulting in progeny with either the group-1 or
group-2 EF-1α haplotypes. The group-4 haplotype appears to be most distant
from the others both in terms of being the most “advanced” haplotype and the
apparent mating isolation. These results lead to a hypothesis where group-4
possibly represents Nimbya isolates imported with the weed from South
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America.

Unfortunately no South American isolates were available for

verification of this hypothesis.

6.4.8 Conclusion
The multi-locus analysis of the three independent genes supports the
paraphyletic nature of Nimbya with isolates from Amaranthaceae clustering as a
monophyletic group separate from those from monocotyledonous hosts and
further separated from Crivellia.

Within the isolates from amaranthaceous

hosts, host genus appears to be a driver of speciation while the identification of
haplotypes within the Nimbya isolates from Alternanthera helps to gain an
insight into the population structure of this taxon. The distance technique of
tree reconstruction used in this study (NJ) was able to differentiate the Nimbya
species and their relative positions with strong bootstrap support while future
work with other techniques such as MP, ML and/or Bayesian analysis will be
incorporated into a more sophisticated analysis prior to publication.
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Chapter Seven:

General Discussion
7.1 Research question 1: ”What pathogens are
found on alligator weed in Australia?”
The first part of this study determined the diseases and associated
pathogens present on alligator weed in Australia. Some of the associations
were new records for alligator weed throughout its invasive and home range
and most were new records for alligator weed in Australia.

This was also

similar for the other amaranthaceous hosts surveyed.
Very few pathogens were common on alligator weed throughout its
Australian range reflecting the relatively short period since introduction and the
nature of the invasion filter. The mechanism for introduction into Australia of
alligator weed and any co-introduced pathogen is assumed to be transport with
ships’ ballast and therefore under the influence of an “unintentional filter” (sensu
Alpert 2006) resulting in a subsampling of the source population of both host
and pathogen. The survival of any alligator weed propagule in ballast was
probably helped by a hypoxic quiescence effect (Quimby & Kay 1977) in
contrast to the survival of associated microorgansisms which relies on many
variables (Grigorovich et al. 2003). This subsampling may induce an “invasion
bottleneck” where not only can the genetic variation of host and pathogen be
constrained but, the introduction of uncommon pathogens with the host is less
likely to occur (Colautti et al. 2004). As a consequence many introduced plants
have been shown to bear fewer pathogens in their naturalised environment
compared to their native range (Mitchell & Power 2003; Callaway et al. 2004).
The invasion bottleneck is the probable reason that Cercospora alternantherae
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reported on alligator weed in South America by Barreto & Torres (1999) was not
recorded during the extensive Australian survey.

However the Fusarium

lateritium isolates from alligator weed in NSW recovered in the survey do
appear to have been introduced with the host as DNA sequences (rDNA ITS, βtubulin and EF-1α) from three isolates supplied by M Traversa from alligator
weed in Argentina were identical to three isolates from alligator weed in NSW
(data not included in thesis).

In contrast, sequences from a culture of F.

lateritium isolated from Celosia (Amaranthaceae) in NSW (Trimboli 1972) and
supplied by Dr. L.W. Burgess (Sydney University) differed from the alligator
weed isolates by 14 bases and eight indels in the ITS and 19 bases and three
indels in the β-tubulin sequence.
Although no South American isolates of Nimbya were available for
comparison, it appears that a strain (or strains) of this very common alligator
weed leaf and stem spot pathogen was introduced along with the host while
evidence for the existence of other strains in Australia has been revealed in this
thesis.

Of all the microorganisms available from surveys in Australia for

development as a bioherbicide, Nimbya displayed the most potential for further
investigation. This was due to several factors including the observed variability
in incidence of Nimbya in the field, its variation in pathogenicity to alligator weed
under glasshouse conditions and the published interest of other workers.

7.2 Research question 2: “Are the Nimbya strains
already known to be present on alligator weed in
Australia representatives of one or more
undescribed species?”
Until this study, researchers had limited access to Nimbya isolates from
Alternanthera, the description of the two species from alligator weed, being
based on only one or two isolates from Baton Rouge Louisiana USA (N.
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perpunctulata) and one each from Baton Rouge USA and Queensland Australia
(N. alternantherae). Zhao & Zhang (2005) examined only four isolates of N.
alternantherae in their review of Nimbya in China. This study brought together
a large number of Nimbya isolates from Australia and from the USA, China and
New

Zealand

for

comparison.

Through

analysis

of

morphological

characteristics of the large number of Nimbya isolates from Alternanthera hosts
in this study, most were shown to differ only slightly in conidial morphology with
the relatively few examples of the two published species occurring at the
extremes of variation. For the most part, geographic-based populations tended
to produce only a subset of the total variation of morphology observed.
Morphology, mating and molecular data also indicated evidence for the
further differentiation of Nimbya within amaranthaceous hosts based on host
genus.

Nimbya isolates from Celosia (N. celosiae), Gomphrena (N.

gomphrenae) and Ptilotus (N. crassoides?) could be differentiated from those
on Alternanthera. It was originally postulated (Chapter 1) that these species
may also have been isolated from Alternanthera in Australia thus confusing the
observed population structure. These taxa were not found during the survey on
Alternanthera in Australia although there is evidence that Nimbya isolates from
Alternanthera can infect Celosia under glasshouse conditions (Holcomb 1978;
Pomella, Barreto & Charudattan 2007; and this study).
The discovery of a teleomorph, distinctly different from Macrospora not
only necessitates the removal of the Nimbya species from amaranthaceous
hosts to a new genus in the Pleosporaceae and the erection of a corresponding
new anamorphic genus but demonstrates that the extent of variation seen within
Nimbya from Alternanthera is contained within a single biological species. The
teleomorphic genus Crivellia with a similar morphology but with a different
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anamorph to Nimbya from Alternanthera and Celosia was demonstrated in the
presented phylogenetic analysis to be a clearly different taxon and along with
Nimbya from monocots formed a sister group to the A. alternata and
amararanthaceous Nimbya isolates. The molecular investigations also provided
further evidence that all Nimbya isolates from Alternanthera belong to a single
species and the presence of haplotypes suggests some differentiation based on
geographic origin. The mating isolation of haplotype group-4 suggests that they
are all members of the same population and are distant from the other
haplotype groups.

Since Australian isolates of Nimbya from A. ficoidea in

group-1 (Cairns Qld.) and A. denticulata in group-2 (Northern Territory and
Orange NSW) were found geographically distant from any alligator weed
populations, it follows that these groups are probably Australian in origin. It is
concluded that group-4 with three substitutions from group-1 and the only
isolates to have (T)10 (excepting China and USA isolates of group-1c) are from
South America and almost certainly imported with the weed. Only haplotypes
with (T)9 and (T)12 stretches in ITS2 produced fertile crosses.
The evidence presented here leads to the hypothesis that Nimbya strains
with ITS2 stretches of (T)9 and (T)12 are Australian and (T)10 and (T)11 have
been imported with the weed. Group-1 may be pantropical being found on A.
ficoidea in tropical Queensland and the (T)10 version (group-1c) being found in
tropical China and USA. Alligator weed is a comparatively recent introduction to
both these countries whereas reports of Nimbya on other amaranthaceous
hosts such as the native Froelichia floridana of the USA and the pantropically
distributed A. sessilis (found in both China and the USA) are not so recent.
Sequence data from South American isolates could help provide a definitive
answer but unfortunately were not available for this study.
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7.3 Critical appraisal of methods
As demonstrated in the previous chapters, the aim and research
questions articulated in the introductory chapter of this work have largely been
accomplished.

The survey identified pathogens found on alligator weed in

Australia however it was conducted throughout a period of below average
rainfall where some incidence bias may have been present especially at some
terrestrial sites. Also even though roots where observed at some sites and
appeared healthy, no root samples were taken with the sample emphasis on
foliar symptoms. In addition, only one isolation media and technique was used
for pathogen isolation which may have introduced a bias in the taxa recovered.
In addition, Koch’s postulates and some other measurements in this study will
require replication before publication.
Nimbya isolates from Alternanthera were shown to all belong to one
biological species. However, due to the limitation of time and incubation space,
only limited replication of isolates over time was attempted for the conidia
morphology trials however close agreement of conidia parameters was always
observed where available. Conidia parameters were underestimated in a small
number of isolates with extremely long conidia beaks as they tended to become
entangled and broke off on transfer to the microscope slide. These conidia
were excluded from measurements as only intact conidia were examined.
The largest variable in the mating experiments appeared to be the
condition of the host substrate used.

Batch differences and even fine

differences in stem circumference and possibly texture and nutrition seemed to
influence results where in some instances only one stem piece within one
replicate would produce perithecia. Pan et al. (2011) showed that the stem
tissue mass density of alligator weed can influence resistance to stem boring
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insects and it follows that this may also influence the growth of perithecia on the
same substrate.

Another defining variable was the growth rate of the two

opposing cultures and the time and temperature when they reach each other on
the host substrate. Problems such as these could be reduced with utilisation of
more than the two replicates employed however replication was limited due to
the available space. Difficulties in maintaining protection from desiccation was
also an ongoing issue. The limitation of incubation space and long duration of
each mating experiment could have been reduced if the isolates had been
screened prior for MAT gene type thus reducing the number of redundant
crosses made with isolates possessing the same MAT gene. Future studies
should investigate the ideal host substrate parameters and make better use of
space and introduce more replicates by using glass test tubes instead of the
Petri dish method.
The PCR and sequencing of various DNA targets of the Nimbya genome
was time consuming with a large proportion of time focussed on the Alt-a-1
gene which later proved to be probably made up of paralagous copies. This
time could have been better spent on sequencing the β-tubulin target to add to
the multi-gene analysis and also expand some of the other genes to obtain a
larger dataset. If more time was available investigation into ISSR would have
also been beneficial.

7.4 Future research
7.4.1 Alligator weed and Nimbya
Nimbya was first observed causing disease on alligator weed in 1975 but
was regarded as a poor candidate for biocontrol (Holcomb 1982). Pomella,
Barreto & Charudattan (2007) also confirmed poor control in field inoculations
using a single American isolate.

Although Pomella, Barreto & Charudattan
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(2007) demonstrated that differences in dew requirement for infection existed
within the South and North American populations little attempt was made to
screen for a superior isolate. Pathogenicity testing of only a few Australian
isolates has already identified the potential for superior isolates within the more
varied Australian population available for selection and the observation ofisolate
differences in germ tube number per conidium is worthy of future research.
Furthermore, dew requirement may be less important in this pathosystem as the
host is found growing over water or in other damp environments.

Further

enhancements in field efficacy of bioherbicides are possible through
adjustments in formulation (Yandoc-Ables, Rosskopf & Charudattan 2007b) and
this area of study would be a necessary subject of further investigation.
Host range testing with a few isolates of Nimbya from alligator weed in
the USA (Holcomb 1978; Pomella, Barreto & Charudattan 2007) and China
(Xiang et al. 2002) has shown a restricted host range within Amaranthaceae
further extending in a couple of instances to another two closely related plant
families within the Caryophyllales. Although encounters with susceptible hosts
other than alligator weed is not anticipated within the naturalised range of
alligator weed, Nimbya has been shown in Australia to infect A. denticulata, A.
sessilis and A. ficoidea in the field and Celosia in the glasshouse. Although not
observed during the survey, pathogenicity is assumed for other native
Alternanthera species from eastern Australia (A. nana R.Br. and A. nodiflora
R.Br.) possibly precluding the utilisation of this fungus in a mycoherbicide if it is
seen as being detrimental to native hosts.
However, unlike classical biological control with pathogens or insects, the
inundative application of a Nimbya isolate would follow the rules of the
“bioherbicide safety zone” as defined by Bourdot & Saville (2010) being not
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readily dispersed from the site of application and further the different niche
environs of A. denticulata and other native Alternanthera species to the target
alligator weed minimise the risk of cross infection in practise. Further work
would require the additional host range testing of a short list of Australian
Nimbya isolates using the centrifugal phylogenetic host method of Wapshere
(1974).
Although the teleomorph has now been discovered in vitro the complete
life cycle has not been observed in vivo and both mating types have not yet
been found at any single sample site.

Natural disease infection is thus

apparently initiated by conidia and observations in this study confirm the
observations of Holcomb & Antonopoulos (1976) and Barreto & Torres (1999)
where none to very sparse secondary conidia are produced on leaf spots of
intact leaves and significant conidiation only occurs on fully necrotic tissue.
Disease progression essentially follows that of a “simple interest” disease (van
der Plank 1963) with a monocyclic pathogen (Holliday 1998). Pomella, Barreto
& Charudattan (2007) also cited the need for secondary disease cycles
necessary to incite a “compound interest” disease (van der Plank 1963) with the
ability to improve the efficacy of the pathogen. The possible role of ascospores
in the disease cycle is unknown and should be investigated in future work as
they may prove to be a superior form of inoculum compared to conidia for a
future bioherbicide. With the successful mating of Australian isolates there is
also now further potential for the development of superior strains.

Single

ascospore cultures can be screened in order to generate isolates with differing
characteristics thus producing isolates more suitable for a bioherbicide eg more
pathogenic isolates through increased toxin production, lower dew requirement,
increased sporulation, improved shelf life etc.
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Although the mating type of

Nimbya parents has been inferred from the mating experiments future research
is required to characterise the MAT genes of the population. This information
would provide efficient planning for potential pairings and investigate reasons
for the low degree of crossing experienced.
This thesis provided the opportunity to observe and compare the
morphology and molecular profile of an unprecedented large number of Nimbya
isolates from Alternanthera and other amaranthaceous hosts although the study
lacks the addition of isolates from South America considered the origin of the
alligator weed host and which may or may not be the origin of the fungus.
However without inclusion of some South American representatives the
hypothesis of haplotype and geographic origin cannot be resolved. This work
should be continued with further isolates sourced from South America. The
haplotype data also show promise as a molecular identification tool for
segregation of selected isolates from background Nimbya infections on
Alternanthera and is worthy of further investigation.
The Poly-(T) stretch in ITS2 and multi-gene haplotypes could possibly be
utilised as a barcode to identify Nimbya ‘races’ on Alternanthera for
biogeographic or pathogenic mapping.

Furthermore, since only two (T)11

Nimbya isolates were found in the study and one has proved to be highly
pathogenic (the other is N. perpunctulata holotype from USA), identification of
this isolate, if utilised in the field, over background isolates, could be facilitated
by a simple PCR amplification and sequencing test.
The apparent presence of paralagous Alt-a-1 genes in the Nimbya
genome is also worthy of further research. The phenomenon has not been
observed in the closely related genus Alternaria where it has been used as an
important target for identification.
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Perhaps further research will provide

evidence for a lateral gene transfer mechanism in Nimbya or alternatively a loss
or mutation of the multiple copies in Alternaria (Oliver & Solomon 2008). The
possible existence of extra copies on a conditionally dispensable chromosome
also needs investigation (Johnson et al. 2001; van der Does & Rep 2007).

7.4.2 Other weeds
In addition to the new information gathered on alligator weed in Australia
and the biology and taxonomy of the pathogen Nimbya, observations and
recommendations on a further two weeds encountered during the study are
presented.
Khaki weed (A. pungens) is a widespread weed in eastern Australia and
in keeping with the low level of disease reports in the literature and herbarium
accessions, was found to be devoid of disease symptoms at all but one site
encountered. The weed generally grows in a drier environment and thus in
isolation from alligator weed although given their close taxonomy, fungal
pathogens found in the alligator weed survey could prove useful as a
mycoherbicide formulation for this weed.

Although considered outside the

scope of this thesis, future work could screen this weed with the pathogens
isolated from other Alternanthera hosts in the survey to evaluate whether the
apparent lack of disease symptoms was due to the environmental niche or
natural resistance to disease.
The widespread occurrence of Colletotrichum gomphrenae (= C.
coccodes?) on Gomphrena celosioides wherever encountered in the survey
from south west NSW to north Queensland and the Northern Territory suggests
a possible candidate for inundative biological control of this weed.

Nimbya

gomphrenae was only isolated from this host at two sites in the Northern
Territory however further pathogens could possibly be found amongst the many
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endemic species of Gomphrena across the “top-end”. Palmer (1998) published
an image of the holotype herbarium specimen of Gomphrena eichleri J. Palmer
collected at Hidden Valley in the Kimberley District of Western Australia in 1977
(Fig 30 on page 149 of Palmer 1998) exhibiting copious leaf and stem lesions
and indicating the possible wealth of material available in that state. Although
G. celosioides is considered at present a weed of low importance the
consequences of climate change as outlined by Ghini, Hamada & Bettiol (2008)
and Hellmann et al. (2008) may alter its future status thus information gathered
here may be of future importance.

7.5 Conclusion
The overarching aim of this study as outlined in the introductory chapter
was to “Investigate the pathogens present on alligator weed in Australia for the
purpose of identifying a subset of isolates that are potentially suitable for
development as a mycoherbicide for integrated control of alligator weed in
Australia”.

The first specific research question asked “What pathogens are

found on alligator weed in Australia?” and investigations into the diseases,
pathogens and associated microorganisms of alligator weed in its introduced
Australian range resulted in the determination of Nimbya as the primary
candidate for an inundative bioherbicide in Australia.
Prior to this study there was a significant lack of data about the variation
present in Nimbya infecting alligator weed and whether there were more taxa
than the two published species due to concern over the small population used
to describe them. This raised the second research question “Are the Nimbya
strains already known to be present on alligator weed in Australia
representatives of one or more undescribed species?”. Results showed that all
morphological variants of Nimbya from Alternanthera hosts belong to one
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biological species and, although closely related, differ from those of other
amaranthaceous hosts.

Further the successful mating and teleomorph

production of Nimbya isolates in this study has shown that isolates with an
Amaranthaceae host belong to a new genus within the Pleosporaceae differing
in morphology to Macrospora but similar to Crivellia as described by Inderbitzen
et al. (2006) however clearly phylogenetically different to both genera.
Placement of other Nimbya species from the literature is still unresolved due to
lack of representative isolates.

This new information follows with the

recommendation that the anamorphic genus Nimbya be retained for isolates
from monocotyledonous hosts linked with a Macrospora teleomorph and the
former

Nimbya

isolates

from

amaranthaceous

hosts

(including

N.

alternantherae) be redescribed within a new anamorphic genus together with
their new teleomorph. Simmons (1969) stated “if in addition I have encouraged
even one person to attack one of the classic perfect-imperfect relationships
which have not been studied thoroughly in culture, I shall be ecstatic” and I
hope he is.
The evidence presented here does not support the continued separation
of N. perpunctulata from N. alternantherae. Future publication will recommend
that, based on morphological and molecular data, N. perpunctulata be
synonymised under N. alternantherae (the earliest name) and A. alternantherae
be redescribed to include the variation observed in the larger number of isolates
examined in this thesis.
Through the results of investigations presented here, the correct
taxonomic position of the “Nimbya” isolates on alligator weed has been
identified along with the identification of a potential subset of isolates for further
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work exhibiting variation in terms of pathogenicity, morphology, production of
viable ascospores, and haplotype groups.
This work has addressed the constraints of biological weed control
outlined in a review by Ghosheh (2005) and, always keeping in mind the
possible future effects of climate change on the host (Hellmann et al. 2008) and
the pathogen (Ghini, Hamada & Bettiol 2008), are now well placed to continue
with the development of “Nimbya” as a bioherbicide in Australia.
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Appendix One

Growth media used in the study
Potato Carrot Agar (PCA)
Grated potato
8g
Grated carrot
8g
Agar Technical Grade No3
(Oxoid® Code L13)
8g
Distilled water
400ml
Preparation
Place vegetables and water in a large beaker or pot and boil for 1 hour. Strain vegetables and discard.
Make liquid up to 400ml, pour into 500ml Schott bottle and add agar. Autoclave at 15 psi/121ºC for 15
minutes.

Potato Dextrose Agar (PDA)
Potato Dextrose Agar (Oxoid® Code CM139)
39.0 g
Distilled water
1 Litre
Sterilise by autoclaving at 15psi/121ºC for 15 minutes.

Quarter-Strength Potato Dextrose Agar (QPDA)
Potato Dextrose Agar (Oxoid® Code CM139)
Agar Technical Grade No3 (Oxoid® Code L13)
Distilled Water
Sterilise by autoclaving at 15psi/121ºC for 15 minutes.

9.75 g
9.00 g
1 Litre

V8 Juice Agar (V8A)
Campbells V-8™ juice
Calcium carbonate
Agar Technical Grade No.3 (Oxoid® Code L13)
Distilled water
Preparation
1. Centrifuge V8 juice at 5000rpm for 5 minutes.
2. Decant and keep the supernatant.
3. Add the agar, V-8 juice and calcium carbonate to the water.
4. Autoclave at 15psi/121ºC for 15 minutes.

25ml
2g
12g
975ml

Quarter-Strength V8 Juice Agar (QV8A)
Campbells V-8™ juice (Quarter Strength)
25ml
Calcium carbonate
0.5g
Agar Technical Grade No.3 (Oxoid® Code L13)
12g
Distilled water
975ml
Preparation
As for full strength V8A but dilute the V8 juice 1:4 before adding other materials.
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Appendix Two

Selected gene sequences
from GenBank used in the
Chapter Six analysis
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