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Background: Fungi are a major component of the functioning of all terrestrial ecosystems.

Objectives: To increase awareness of fungi as drivers of ecosystem processes, including
invasion biology.

Method: Here, I reviewed the information available regarding fungal invasions of native
ecosystems in South Africa in the context of the National Status Report on Biological Invasions.

Results: Only seven fungal species are regulated as invaders (all category 1b) under the
National Environmental Management: Biodiversity Act (NEM:BA) A&IS regulations. Four of
these species are not yet known to occur in South Africa. Similarly, under the NEM:BA A&IS
regulations, two of the four species listed as prohibited (i.e. not present in the country but
which would pose a threat if introduced) are already present in the country.

The actual number of alien fungi in South Africa is much greater. A preliminary listing of alien
fungal species is made, with a total of 9 pathogenic species known to attack indigenous plants,
11 saprotrophic species, 1 fish pathogen, 23 host-specific pathogens of listed alien terrestrial
plants, 61 ectomycorrhizal species and 7 host-specific pathogens deliberately introduced as
biological control agents. The majority of fungal species were introduced to South Africa most
likely via the introduction of crop plants as passengers, although there are as yet very little
details available on pathways of introduction into South Africa.

Conclusion: For almost all aspects considered, it is concluded that there is simply not sufficient
data to begin to understand the role and impact of fungal invasions in South Africa.

Introduction

The fungi are a highly diverse eukaryotic kingdom, with approximately 100 000 known species.
Estimates of the likely total number of species vary widely, largely due to there being less
information available for them in contrast to the relatively well known plant and animal kingdom:s.
An earlier widely accepted conservative estimate was 1.5 million species (Hawksworth 1991,
2001), although this was revised upwards with time to 5.1 million species (Blackwell 2011). The
advent of high-throughput sequencing technology has allowed a more accurate estimation than
previously, with an estimate based on soil fungi from 365 localities across the world suggesting
fungal diversity would be within the range of 2-3.4 million species (Tedersoo et al. 2014). Thus,
the number of described species represents between 2% and 6.7% of the estimated total fungal
diversity. Although there are insufficient data available to give an accurate estimate for the
number of fungi indigenous to South Africa, plant to fungi ratios generated by international
studies would suggest there would be at least 171 500 indigenous species (Crous et al. 2006). In
addition, there are a number of groups that were traditionally considered as fungi but are now
accepted as belonging to the Amoebozoa (e.g. slime moulds) and Stramenopiles (e.g. water
moulds, including downy mildews and Phytophthora).

Fungi are important components of every terrestrial ecosystem, as decomposers, food sources,
pathogens or mutualists. Despite this importance, it is only recently that a growing body of
published research is documenting how important fungi are as drivers of ecosystem function.
Fungi, including organisms traditionally considered as fungi (hereafter included in the general
term “fungi’), are poorly known both in terms of their biodiversity and their ecology relative to
what is known about plants and animals (Desprez-Loustau et al. 2007). Likewise, fungi have
been little considered in invasion biology, despite numerous international invasions by fungal
pathogens causing devastating economic and ecological damage (Fisher et al. 2012; Loo 2009).
In addition to increased research on the threat posed to indigenous organisms (plants, animals
and microbes) by invasive fungal pathogens, there is also a need for research on the ecological
impact of invasive saprobic and mutualist fungi, and on the impact of other invasive organisms
on indigenous fungi and the ecological services they provide (Desprez-Loustau et al. 2007;

Note: This paper was initially delivered at the 43rd Annual Research Symposium on the Management of Biological Invasions in
South Africa, Goudini Spa, Western Cape, South Africa on 18-20 May 2016.
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Litchman 2010). Many fungi grow and reproduce rapidly,
traits associated with invasion by a range of organisms. An
extreme demonstration of their ability to produce large
numbers of spores is the 2.175 x 10° spores day’ cm? of
exposed spore-producing surface recorded for the bracket
fungus Trametes pubescens (Schumach.) Pilat (Rockett &
Kramer 1974). Intercontinental natural dispersal of spores by
wind is well known in fungi, which led to a widespread
belief that fungi were largely cosmopolitan, their distribution
only limited by the availability of suitable environmental
conditions. However, there is now an appreciation that many
fungi are endemic to particular areas (Desprez-Loustau et al.
2007; Litchman 2010), and that many have been transported
around the world by humans and have invaded new
geographic ranges (Desprez-Loustau et al. 2007; Fisher et al.
2012; Litchman 2010; Loo 2009; Roy et al. 2014; Wingfield
et al. 2001).

A number of reviews from an international perspective have
been published on fungal invasions (Desprez-Loustau 2007;
Fisher et al. 2012; Litchman 2010; Loo 2009), mutualists and
plant invasion (Nufiez & Dickie 2014; Richardson et al. 2000),
population biology (Gladieux et al. 2015) and soil mycobiota
and plant invasion (Dawson 2015; Dawson & Schrama 2016;
Reinhart & Callaway 2006). This review focusses on what is
currently known about fungi and invasion in South Africa. In
particular, invasion as relevant to the National Environmental
Management: Biodiversity Act (Act No. 10 0of2004) (NEM:BA).
A simple matrix illustrates various possible interactions
between alien and indigenous fungi with alien and
indigenous plants (or ecological communities) (Figure 1).
This review is organised in a manner reflecting this matrix.

In South Africa, pathogens of crop plants have been
well documented (Crous, Phillips & Baxter 2000; Doidge &
Bottomley 1931; Doidge et al. 1953; Gorter 1977); however,
they have not received attention as invaders of natural
ecosystems. Doidge (1950) noted that with the introduction of
crop plants into South Africa, there have been many
introductions of pathogens of these crop plants, and that
many were widespread and occurred wherever their hosts
were cultivated. Indications are that the rate of introductions
is increasing (Wingfield et al. 2001). These pathogens may
potentially infect indigenous plants and invade natural
ecosystems, yet itis only in the last few years that this potential
threat is beginning to be assessed (e.g. Adams, Roux &
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Wingfield 2006; Cruywagen et al. 2016; Mehl et al. 2016).
Many other non-pathogenic fungi have also been introduced,
but no consideration has been given to these as invaders or
to any potential negative impacts on indigenous ecosystems.

For the purpose of this review, the large literature on
pathogens of crop and plantation plants in South Africa is not
considered unless these fungi are known to affect indigenous
biodiversity. This in no way implies that fungal pathogens of
crop plants are not important, but control of these disease-
causing organisms falls under the jurisdiction of the Plant
Health and Animal Health directorates of the Department of
Agriculture, Forestry and Fisheries (DAFF) and is regulated
by the Agricultural Pests Act, (Act No. 36 of 1983). There is a
need to investigate the spill over of introduced crop
pathogens into natural ecosystems. Aquatic and marine
fungi, and fungi introduced for food production, are not
considered in this review. Despite an increasing awareness of
invasive fungal diseases of vertebrate wildlife (Allender et al.
2015; Berger et al. 2016; Tomkins et al. 2015), only one report
from South Africa was found, namely a disease-causing
water mould, Aphanomyces invadans Willoughby, Roberts &
Chinabut, causal agent of mycotic granulomatosis in fish.
This has been found in widespread localities in southern
Africa, including the Western Cape province (Huchzermeyer
& Van der Waal 2012). Fungal pathogens of vertebrates
(including humans) are also not further considered in this
review, although there is a clear need for vigil against
potential invaders and studies on species already present.

Diversity of indigenous fungi

Knowledge of indigenous biodiversity is fundamental to
being able to evaluate whether an organism is indigenous or
alien (Desprez-Loustau et al. 2007). In South Africa, there has
been a long tradition of documenting indigenous fungi,
starting with European plant collectors who explored South
Africa such as Carl Peter Thunberg (1743-1828) and William
John Burchell (1781-1863) (Doidge 1950; Rong & Baxter
2006). The National Collection of Fungi (PREM) houses less
than 70 000 specimens, which includes all historical
collections that were previously housed in other herbaria in
the country, as well as specimens from other continents,
although much of the early collections (including type
specimens) are housed in various European herbaria (Rong &
Baxter 2006). Doidge (1950) remains the only comprehensive
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FIGURE 1: Schematic of interactions between Indigenous and alien fungi and their host plants (or ecological community). These interactions can have positive (no shading),
negative (dark grey shading) or unknown (light grey shading) impacts on indigenous biodiversity. The relevant section (and sub-sections) of this review are indicated.
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listing of fungi recorded from southern Africa. Many of the
listed fungi have so far only been recorded as pathogens of
introduced crop plants. A total of 4748 species were listed
(Doidge 1950), only a small fraction of the total expected
(~171 500, Crous et al. 2006). Even with an increase in the rate
of species described from South Africa since 1950, particularly
since the advent of molecular phylogenetic techniques, the
number of named indigenous species is only a small fraction
(~3%) of the likely total diversity.

Indigenous fungi remain little documented, other than
certain groups of plant pathogens, macrofungi and lichens.
For example, arbuscular mycorrhizae (AM) are common
mutualists of South African plants (Allsopp & Stock 1993;
Gaur et al. 1999; Hawley & Dames 2004; Straker, Weiersbye &
Witkowski 2007) and are considered essential to ecosystem
functioning (van der Heijden et al. 2015). To date only five
species have been named from indigenous plants in South
Africa (Blaszkowski et al. 2010; Gaur et al. 1999), and a further
four species have been recorded from cassava (Straker,
Hilditch & Rey 2010). In contrast, a total of 43 species have
been recorded from semi-arid regions in Namibia (Stutz et al.
2000; Uhlmann et al. 2004) and 147 virtual taxa were obtained
by 454 pyrosequencing from Gorongosa National Park,
Mozambique (Rodriguez-Echeverria et al. 2016), suggesting
that most of the indigenous biodiversity of this group of
fungi is yet to be documented in South Africa. Many such
examples from a wide variety of major taxa could be cited.

It canbe concluded that, despite efforts by the few mycologists
who have operated in South Africa, baseline biodiversity
information is too little to be of any use in determining the
alien or indigenous status of fungi newly discovered in South
Africa, except in some specific cases.

Alien fungi

The human-assisted distribution of fungi around the world
has been, and remains, the most important pathway of
introduction (Anderson et al. 2004; Desprez-Loustau et al.
2007; Fisher et al. 2012; Roy et al. 2014; Wingfield et al. 2001).
The trade in live plants is an important route of introduction
to, and further spread within, continents and countries (e.g.
Carnegie & Cooper 2011; Moralejo et al. 2009; Roy et al. 2014).
Although there is a general trend amongst pests and
pathogens of crop plants introduced around the world that
dispersed range increases with wider host range, introduced
fungihave the narrowest host range but the widest introduced
range (Bebber, Holmes & Gurr 2014), suggesting that many
fungus species are well adapted for human-assisted dispersal
and invasion. Propagule characteristics related to successful
long-distance dispersal, allowing for rapid spread once
introduced, were good predictors of invasion success by
fungi (Philibert et al. 2011). As a result of several hundred
years of introducing horticultural, crop and plantation plants,
and plant products, it is likely that large numbers of fungi
have been introduced to South Africa.

There is no literature available specifically on fungi and
natural ecosystem invasions in South Africa. The first
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attempt at listing invasive fungi was published in the
NEM:BA A&IS regulations (Notice No. 599, 1 Aug. 2014),
which lists a total of seven fungi (list 11 of the regulations),
all placed in category 1b (Table 1). Of these, three are recorded
only from species of Eucalyptus, and two are recorded only
from Pinus species. In addition, four of these species have not
yet been recorded in South Africa (Farr & Rossman undated).
Thus, this list does not in any way reflect alien microbial
species important in natural ecosystems in South Africa.
Only one of the listed species is well known as a pathogen of
indigenous plants (Phytophthora cinnamomi Rands; Liibbe &
Mostert 1991; Nesamari, Coutinho & Roux 2016; Von
Broembsen 1984a; Von Broembsen & Kruger 1985). Rather
this reflects the reality that there is not a single researcher
employed in South Africa with the specific mandate to
undertake studies on alien fungi in natural ecosystems, nor
has there been one. What is known is scattered piecemeal in
the mycological and plant pathological literature. An attempt
is made here to start to bring some of this literature together.
Information provided here can be used as a springboard to
compile future lists that take into account both invasive
status and whether a National Management Programme
could be developed and implemented for invasive species,
as required by the legislation for each listed organism.

How can fungi be recognised as alien? In general, host-
specific pathogenic or mutualistic fungi can be recognised as
alien when their hosts are themselves alien. However, few
fungal species that can be recognised as introduced have
been assessed as to whether they attack indigenous plants or
invade natural ecosystems. For example, the polypore
Laetiporus sulphureus (Bull.) Murrill is well known as a
pathogen of various Northern Hemisphere trees in their
native and introduced ranges, but it has also been recorded
on the native Olea europaea L. ssp. africana (Mill.) P.S. Green
in South Africa (Doidge 1950). This old record suggests

TABLE 1: Fungi and fungus-like organisms listed in NEM:BA Alien and Invasive
Species Lists, 2014.

Species Category Recorded Present in
hostsT South Africat

National lists of invasive species in
terms of section 70(1)

Tetratosphaeria destructans 1b
(as Kirramyces destructans)

Eucalyptus spp. Yesi

Teratosphaeria eucalypti 1b Eucalyptus spp. No
(as Kirramyces eucalypti)

Phytophthora kernoviae 1b Various No
Phytophthora pinifolia 1b Pinus radiata No
Phytophthora cinnamomi 1b Various Yes
Teratosphaeria cryptica 1b Eucalyptus spp. No
Fusarium circinatum 1b Pinus spp. Yes
List of prohibited alien species in

terms of section 67(1)

Fusarium oxysporum f. sp. cubense - Musa Yes§
Phytophthora ramorum - Various No
Puccinia psidii - Myrtales Yesq
Nosema ceranae - Bees Nof+

Source: Government Gazette No. 37886(3), Notice No. 599, 1 Aug. 2014
+, Farr & Rossman (undated) http://nt.ars-grin.gov/fungaldatabases/

1, First recorded in 2015 (Greyling et al. 2016).

§, Recorded as present by the 1940s (Doidge 1950).

9|, First recorded in 2013 (Roux et al. 2013).

+1, Strauss et al. (2013).
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that it might also damage native trees, but this requires
confirmation. Non-specific pathogens, saprotrophs, endophytes
and mutualistic fungi are more difficult to assess
as alien. Morphologically characteristic macrofungi could be
identified as being alien if they were not recorded in the early
South African literature. For example, the Australian Aseroé
rubra Labill. was only confirmed as present in South Africa
since the 1950s (Coetzee 2010). Likewise, the European
Coprinopsis picacea (Bull.) Redhead, Vilgalys & Moncalvo,
was not listed by Doidge (1950) or Pearson (1950) but
has recently been reported on the i-spot website (http://
www.ispotnature.org/communities/southern-africa).
Detailed molecular analyses comparing genetic diversity
within South African isolates, or comparing local genotypes
to overseas ones, will be necessary to identify most alien
species. The European Armillaria mellea (Vahl) P. Kumm. and
Armillaria gallica Marxm. & Romagn. were identified as
introduced by such detailed studies (Coetzee et al. 2001,
2003). Therefore, only a few fungi can be singled out which
are definitely alien and have naturalised in South Africa
(Table 2), and even fewer have been recognised as having a
detrimental impact on our natural environments.

Fungi and theories of invasion
biology

Many hypotheses have been put forward to explain why and
how species become invasive after introduction to a region
where they are not native (Catford, Jansson & Nilsson 2009).
Fungi are considered to have positive or negative impacts on
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invasive plants in various of these hypotheses (Catford et al.
2009), although as yet there has been no consideration of
which of the hypotheses are relevant directly to fungi as
invaders.

Recently there has been an interest in the interaction of soil
biota, including fungi other than mycorrhizas, and invasive
plants. Soil microbiota may have a direct positive (Cui & He
2009; Gundale et al. 2014), negative (Lankau 2010; Vitullo
et al. 2014) or no impact (Bennett & Strauss 2013; Birnbaum &
Leishman 2013) on the growth and invasiveness of alien
plants. However, these interactions are dependent on many
variables including the ecologically functional groups of the
microorganisms considered, as well as the surrounding
vegetation and interactions with other organisms (Reinhart &
Callaway 2006). Phylogenetically close plant relatives may
produce a selective pressure resulting in similar soil
microbiota on their roots (Wehner et al. 2014), which can
facilitate invasion by alien close relatives more than the
microbiota associated with non-relatives (Hill & Kotanen
2012; Reinhart & Callaway 2006). Indirect interactions also
occur, a positive soil microbe—plant feedback has been shown
to increase growth of Impatiens glandulifera Royle and increase
foliar endophyte fungus levels that may provide enhanced
protection from herbivores (Pattison et al. 2016). In general,
native plants grow better in home’ soil whereas invasive
plants are more catholic and less affected by the soil source
(i.e. derived from below native or invasive plants).
Overcoming the native plants’ home’ soil advantage by
invasive plants is dependent on exceeding a threshold of

TABLE 2: A preliminary list of fungi and fungus-like organisms that are naturalised in South Africa, including species recorded as pathogens of plants indigenous to South Africa

or saprotrophs that are considered to be native to other continents.

Fungus Order Life style Origin References

Ascomycota

Ceratocystis pirilliformis Microascales PP Australia Lee et al. 2016

Helvella crispa Pezizales S Europe Gryzenhout 2010 (as Pseudocraterellus undulatus)
Helvella lacunosa Pezizales S Europe Doidge 1950 (as H. mitra)

Morchella esculenta Pezizales S Europe Doidge 1950 (as M. conica)

Ophiostoma quercus Ophiostomatales PP N. Hemisphere Kamgan et al. 2008

Badidiomycota

Armillaria melleat Agaricales PP Europe Coetzee et al. 2001; Wingfield et al. 2010
Armillaria gallicat Agaricales PP Europe Coetzee et al. 2003; Wingfield et al. 2010
Aseroé rubra Phallales S Australia Coetzee 2010

Chlorophyllum rhacodes Agaricales S N. Hemisphere van der Westhuizen & Eicker 1994
Clathrus archeri Phallales S Australia Bottomley 1948; Coetzee 2010
Coprinopsis picacea Agaricales S Europe i-spotf

Erythricium salmonicolort Corticales PP Asia? Roux & Coetzee 2005

Hygrocybe nigrescens Agaricales S Europe Doidge 1950

lleodicttyon gracile Phallales S Australia Bottomley 1948; Coetzee 2010

Lysurus cruciatus Phallales S Australia? Bottomley 1948; Coetzee 2010
Macrolepiota procera Agaricales S N. Hemisphere Doidge 1950

Puccinia lagenophoraet Pucciniales PP Australia Scholler et al. 2011

Puccinia psidiit Pucciniales PP South America Roux et al. 2013; Roux et al. 2016
Oomycota

Aphanomyces invadans Saprolegniales Fish path. Asia Huchzermeyer & Van der Waal 2012
Phytophthora cinnamomi Peronosporales PP Asia? Von Broembsen 1984a Von Broembsen & Kruger 1985
Pythium irregularet Peronosporales PP ? Bahramisharif et al. 2014

Ectomycorrhizal fungi and pathogens of introduced crop and plantation plants are excluded.
S, saprotroph; PP, plant pathogen.

T, Recorded as causing disease symptoms or death of indigenous plants.

1, http://www.ispotnature.org/communities/southern-africa
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abundance, external disturbances or having a competitive or
dispersal advantage relative to the native plants (Suding
et al. 2013).

Invasive plants alter the soil microbiota composition
(Elgersma & Ehrenfeld 2011), altering abiotic soil properties
such as pH and nutrient levels (Duchicela et al. 2012; Kourtev,
Ehrenfeld & Haggblom 2003). In turn, these altered soil
conditions affect indigenous plants negatively, although the
level of impact is species specific (Scharfy et al. 2010).

Differences in above-ground and below-ground fungal
pathogens occur between the native and invaded range of
alien plants. The Enemy Release hypothesis suggests that
plants succeed as invaders because they have been introduced
without their herbivores and pathogens. The practice of
classical biological control, the introduction of co-evolved
host-specific pathogens (or other organisms), is based on this
hypothesis. Release from soil pathogens (Reinhart et al. 2010;
Van Grunsven et al. 2009), as well as from generalist foliar
and seed pathogens (Halbritter et al. 2012), have also been
reported as important factors in the invasion by introduced
plants. However, enemy escape also occurs on a local scale in
the native range of invasive plants (MacKay & Kotanen 2008)
and is not correlated with invasiveness of many plants (van
Kleunen & Fischer 2009). Also, escape from one functional
guild of pathogens can be counteracted by non-escape from
other guilds (Agrawal et al. 2005), and the accumulation of
pathogens native to the invaded range which damage the
invasive plant may counter benefits derived from the initial
enemy release (Flory & Clay 2013; Flory, Kleczewski & Clay
2011; Vitullo et al. 2014). Native pathogens that limit or
reduce initial invasion are considered to be a Biotic Resistance
mechanism (Catford et al. 2009). Contrary to this last premise,
the Accumulation of Local Pathogens hypothesis suggests
that if the invasive plant is less susceptible than native plants,
accumulating high levels of local generalist pathogens
increases invasion success by suppressing native plant
growth (Eppinga et al. 2006; Mangla, Inderjit & Callaway
2008). Dawson (2015) and Dawson and Schrama (2016)
provide a theoretical framework incorporating these
hypotheses and plant-soil feedbacks to understand how
changes in soil mycobiota facilitate invasion by plants.

Plant-soil microbe interactions or invasion processes may
apply inconsistently to individual plant species across their
invasive range or change with time since invasion. In
California (USA), Ammophila arenaria (L.) Link accumulated
local pathogens suppressing native plants (Eppinga et al.
2006), whereas in South Africa this was not the case. Rather,
Biotic Resistance associated with native grasses was an
important determinant of where this plant was more or less
invasive (Knevel et al. 2004). Release from the soil pathogens
in its native range, South Africa — Enemy Release — has been
demonstrated to be important to Carpobrotus edulis (L.) L.
Bolus invasion of the Mediterranean (Van Grunsven et al.
2009) or not (de la Pefia et al. 2010). In the latter study, Biotic
Resistance was shown to be an important initial factor but
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with time this was overcome and the plant modified the soil
microbiota in its favour. Native fungi accumulated on roots
of Vincetoxicum rossicum (Kleopow) Pobed. have variously
been shown to increase its growth or not, and to have negative
impacts on only some native plants (Day, Dunfield & Antunes
2015, 2016).

Modifying the soil biota to favour the invader plant and be
deleterious to native plants may also produce phenotypic
changes in the invader. Ageratina adenophora Spreng. modifies
the soil microbiota in China, by reducing AM fungi and
increasing the ratio of bacteria to fungi to the detriment of
native plants (Niu et al. 2007; Xingjun et al. 2005). In addition,
plants in the China had higher leaf nitrogen levels and
surface area compared with plants from the native range
(Feng et al. 2011). The accumulation of native Fusarium root
pathogens benefitted Chromolaena odorata (L.) R M. King and
H. Rob. in India (Mangla et al. 2008) but not in South Africa
(te Beest et al. 2009). However, in the latter study, plants
increased stem biomass and height growth when grown in
unsterilised soil from the invaded range (te Beest et al. 2009).
The above few studies of fungal interactions with alien
plants in South Africa need to be expanded, and other
invasive plants included, to determine whether there are
any generalities of invasion mechanisms peculiar to South
Africa. Comparing mechanisms of invasion in South Africa
with that occurring elsewhere in the world would provide
useful information; for instance, does A. ageratina also benefit
from modifying the soil microbiota here as it does in China?
And why does soil biota affect the invasion of A. arenaria and
C. odorata differently in South Africa compared with other
parts of the world?

Alien fungi and alien plants
Host-specific pathogens

Amongst the numerous pathogenic fungi accidentally
introduced along with their alien host plants (including crop,
plantation, horticultural and accidentally introduced invasive
species) are species that attack invasive plants. Some of these,
primarily host-specific pathogens, may well help to suppress
the populations of their hosts, providing a free biological
control service (Table 3). The list provided is not complete, as
the plants listed are primarily declared weeds (NEM:BA
A&IS) and could be greatly expanded if other alien plants are
included (e.g. Uromyces bidenticola Arthur and Entyloma
bidentis Henn. are both common on Bidens pilosa L.).

The deliberate introduction of alien fungi as biological control
agents of their co-evolved host plants began in South Africa
with the release of Uromycladium tepperianum (Sacc.)
McAlpine against Acacia saligna (Labill.) Wendl. in 1987. To
date, a total of nine fungi have been approved for release,
permission for release of two was obtained in late 2015 and
efforts are currently underway to release these in the field. Of
the other fungi released, five established well whereas two
failed to establish. Two of the established fungi have a
considerable impact on their host’s population densities
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TABLE 3: Fungi recorded on listed alien weeds that either are considered indigenous to South Africa (in bold) or were deliberately (as biological control agents) or probably

accidentally introduced with their host.

Plant Cat.} Fungi recorded References
Acacia cyclops 1b Calonectria scoparia Schoch et al. 1999
Pseudolagarobasidium acaciicola Wood & Ginns 2006
Acacia longifolia 1b Calonectria scoparia Hagemann & Rose 1988
Acacia mearnsii} 2 Ceratocystis albifundus l;/é%gis, Wingfield & De Beer 1993; Morris et al.
Cylindrobasidium laeve§ Morris et al. 1999
Uromycladium acaciae McTaggart, Doungsa-ard & Wingfield 2015
Acacia saligna 1b Uromycladium tepperianum Zachariades et al. 2017
Ageratina adenophora 1b Passalora ageratinae¥| Zachariades et al. 2017
Ageratina riparia 1b Entyloma ageratinae Zachariades et al. 2017
Ageratum conyzoides 1b Passalora perfoliati Morris & Crous 1994
Campuloclinium macrocephalum 1b Puccinia eupatoriif Zachariades et al. 2017
Canna indica 1b Puccinia thaliae van Jaarsveld, Kriel & Minaar 2006
Convolvulus arvensis 1b Septoria sp. unpublished data ARC-PPRI
Dolichandra unguiscati 1b Cercosporella dolichandrae Crous et al. 2014
Echium plantagineum 1b Cerospora echii Morris & Crous 1994
Eichornia crassipes 1b Acremonium zonatum Morris et al. 1999
Alternaria eichhorniae Morris et al. 1999
Cercospora piaropi Morris 1990; Morris et al. 1999
Cercospora rodmaniif| Morris 1990; Morris et al. 1999
Myrothecium roridum unpublished data ARC-PPRI
Hakea sericea 1b Colletotrichum acutatum§ Morris 1991; Morris et al. 1999
Lantana camara 1b Mycovellosiella I iphil Morris & Crous 1994
Pseudocercospora formosana Crous & Braun 1996
Malva arborea (as M. dendromorpha) 1b Puccinia malvacearum Doidge 1950
Paraserianthes lophantha 1b Uromycladium sp. 9 Zachariades et al. 2017
Parthenium hysterophorus 1b Puccinia abrupta var. partheniicola Wood & Scholler 2002
Puccinia xanthii Zachariades et al. 2017
Pennisetum clandestinum (1b) Phakopsora apoda Adendorff & Rijkenberg 1995
Pistia stratiotes 1b Cercospora pistiae Morris & Crous 1994
Populus X canescens 2 Melampsora sp. unpublished data ARC-PPRI
Prosopis hybrid 1b/3 Coniothyrium prosopidis Crous, Groenewald & Wood 2013
Peyronellaea prosopidis Crous et al. 2013
Pueraria montana la Phakopsora pachyrhizi Pretorius, Visser & du Preez 2007
Ricinus communis 2 Melampsora ricini Doidge 1950
Rubus cuneifolius 1b Kuehneola uredinis Morris et al. 1999
Rubus fruticosus 2 Pseudocercospora rubi Crous & Braun 1996
Sesbania punicea 1b Erysiphe pisi Gorter 1993
Solanum mauritianum 1b Mycovellosiella brachycarpa Crous & Braun 1996
Xanthium strumarium 1b Puccinia xanthii Pretorius, van Wyk & Kriel 2000

Many pathogens have been recorded on Eucalyptus spp. and Pinus spp., including species listed as declared weeds in South Africa; these fungi are not listed here as the majority are known from

commercial plantations or nurseries only.

Listing is restricted to those species that have been observed to be damaging at least some times or are at least widespread in occurrence.

T, Category according to NEM:BA A&IS.

I, Many more pathogens have been recorded on Acacia mearnsii in South Africa from plantations; these are not listed here.

§, Exploited as biological control agents.

9], Pathogens deliberately introduced to South Africa and which were successfully established as biological control agents.

(U. tepperianum, Entyloma ageratinae R.W. Barreto & H.C.
Evans). Reviews of biological control of invasive alien plants
using plant pathogens in South Africa have been published
(Morris 1991; Morris, Wood & den Breeyen 1999). See
Zachariades etal. (2017) for arecent review of the effectiveness
of biological control in general in South Africa.

Ectomycorrhizal fungi

The role of mycorrhizas in plant invasions has recently been
reviewed (Nufez & Dickie 2014; Richardson et al. 2000). The
majority of invasive plants in South Africa are AM or
ectomycorrhizal (EM); some invasive plants are however
non-mycorrhizal (e.g. Hakea species) (Richardson et al. 2000).
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Pinus and Eucalyptus are both obligatory EM plant genera,
and a large number of EM fungi have been introduced into
South Africa, either deliberately or accidentally (Vellinga,
Wolfe & Pringle 2009), allowing the widespread cultivation
of these plantation plants. Vellinga et al. (2009) listed
45 species from South Africa, although an additional
17 species have also been recorded (e.g. Hawley, Taylor &
Dames 2008; Martin et al. 2002; van der Westhuizen & Eicker
1994) (Table 4), and therefore the total number of introduced
EM fungi may be more than currently known.

Pines are recognised as being important invaders in mountain
catchment areas in South Africa. This invasion is a dual
invasion by the plants, which are obligately EM and their
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TABLE 4: Introduced ectomycorrhizal fungi recorded from South Africa.
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Fungus

Host tree genus

Natural distribution

References

Albatrellus ovinus
Amanita excelsa
Amanita marmorata
Amanita muscaria
Amanita pantherina
Amanita phalloides
Amanita rubescens
Amanita spissa
Astraeus hygrometricus
Boletus aestivalis

Boletus edulis

Buchwaldoboletus hemichrysus

Chalciporus piperatus
Clavulina cristata
Clitopilus prunulus
Gyroporus castaneus
Hebeloma crustuliniforme
Hebeloma cylindrosporum
Inocybe curvipes

Inocybe euthelea
Itajahya galericulata
Laccaria fraterna
Laccaria laccata
Lactarius deliciosus
Lactarius hepaticus
Leccinum duriusculum
Paxillus involutus
Pisolithus microcarpus
Pisolithus arhizus
Pisolithus tinctorius
Rhizopogon luteolus
Rhizopogon roseolus
Rhizopogon rubescens
Russula caerulea
Russula capensis
Russula cyanoxantha
Russula fallax sensu Cooke
Russula grisea

Russula pectinata
Russula sardonia
Russula sororia

Russula xerampelina
Scleroderma cepa
Scleroderma citrinum
Scleroderma verrucosum
Suillus bellinii

Suillus bovinus

Suillus granulatus

Suillus luteus

Suillus salmonicolor
Thelephora intybacea
Thelephora penicillata
Thelephora terrestris
Tricholoma albobrunneum
Tricholoma eucalypticum
Tricholoma meridianum
Tricholoma saponaceum
Tricholoma ustale

Tuber rapaeodorum
Xerocomus badius

Xerocomus chrysenteron

Pinus
Pinus
Eucalyptus
Pinus, Quercus
Pinus, Quercus
Quercus, Populus, Pinus
Various
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Quercus
Pinus
Pinus
Pinus
Pinus
Jacaranda
Eucalyptus
Pinus
Pinus
Pinus
Populus
Various
Eucalyptus
Pinus
Pinus, Quercus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Quercus, Pinus
Pinus
Pinus
Pinus
Pinus
Various
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Pinus
Various
Eucalyptus
Pinus
Various
Various
Pinus
Various

Various

N. Hemisphere
Europe
Australia

N. Hemisphere
N. Hemisphere
Europe, Asia
Europe

N. Hemisphere
N. Hemisphere
Europe

N. Hemisphere
North America
N. Hemisphere
N. Hemisphere
N. Hemisphere
N. Hemisphere
N. Hemisphere
Europe

Europe

S. America
Australia

N. Hemisphere
N. Hemisphere
N. Hemisphere
Europe
Europe
Australia
Spain

N. Hemisphere
Europe
Europe

North America
Europe
unknown

N. Hemisphere
Europe (?)

N. Hemisphere

Europe, North America

Europe

Europe, North America

N. Hemisphere
N. Hemisphere
N. Hemisphere
N. Hemisphere
Europe
Europe, Asia
N. Hemisphere
N. Hemisphere
North America, Asia
Europe
Europe

N. Hemisphere
Europe
Australia
unknown

N. Hemisphere
Europe
Europe
Europe, Asia

N. Hemisphere

Hawley et al. 2008

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Hawley et al. 2008

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
van der Westhuizen & Eicker 1994
Vellinga et al. 2009

van der Westhuizen & Eicker 1994
Vellinga et al. 2009

van der Westhuizen & Eicker 1994
van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Martin et al. 2002

Martin et al. 2002

Martin et al. 2002

Vellinga et al. 2009

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

van der Westhuizen & Eicker 1994
Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009

Vellinga et al. 2009
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associated EM fungi (Collier & Bidartondo 2009; Dickie et al.
2010; Hynson et al. 2013). Initially, the fungal inoculum
available is low, slowing the invasion of the plants. However,
with time, the pines and their EM fungi proliferate and
replace the indigenous vegetation and their mycorrhizal
fungi (Collier & Bidartondo 2009). Currently, there have been
no studies investigating which EM fungi are co-invading
South Africa’s natural ecosystems; this may be a small subset
of the total diversity of introduced species (Dickie et al. 2010;
Hynson et al. 2013).

It has been found that usually the EM fungal communities on
alien plantation trees consist of introduced species normally
associated with those plants in their native habitats, even
when indigenous EM fungi are present in the surrounding
natural ecosystems (Dickie et al. 2010; Jairus et al. 2011). Yet,
several EM fungi have been recorded as invading natural
ecosystems, including Amanita muscaria (L.) Lam. and
Amanita phalloides (Vaill. ex Fr.) Link (Dunk, Lebel & Keane
2012; Pringle et al. 2009). The presence of indigenous EM
fungi and host plants potentially allow for host shifts by
introduced EM fungi and invasion of natural ecosystems,
given time to adapt to local conditions (Jairus et al. 2011).

Approximately 400 species of indigenous putatively EM
fungi have been reported from tropical Africa (Verbeeken &
Buyck 2002). In South Africa, the only indigenous fungi
known to be EM symbionts are the desert truffles
(Kalaharituber pfeilii (Henn.) Trappe & Kagan-Zur, Eremionyces
echinulatus (Trappe & Marasas) Trappe & Kagan-Zur,
Mattirolomyces austroafricanus (Marasas & Trappe) Kovécs,
Trappe & Claridge) (Trappe et al. 2008). Introduced EM fungi
likely pose little direct threat to natural ecosystems in South
Africa, although north of South Africa’s borders there is a
potential threat. Controlling invading pines, or other EM
plants, would control any invasion by their associated EM
fungi. However, the co-invasion of EM plants and associated
EM fungi can reduce indigenous mycorrhizal fungi (Becklin,
Pallo & Galen 2012). Once reduced or lost, it may take many
years for the indigenous AM fungi to recover (Lankau et al.
2014), reducing the ability of AM plants to recover post
control of the invaders. Many fynbos plants are associated
with AM fungi (Allsopp & Stock 1993). In a study conducted
in South Africa, a single cycle of invasion (by ectomycorrhizal
Pinus pinaster Aiton and the non-mycorrhizal Hakea sericea
Schrad. & ].C.Wendl.) did not reduce the development of AM
fungi in indigenous plants following clearing, likely due to
the persistence of AM plants at low densities within the
invaded area during the invaded period (Allsopp & Holmes
2001). However, the impact of successive cycles of invasion
has not been studied. The impact would likely be greatest on
ericoid mycorrhizae as these are very slow to re-establish
(Allsopp & Holmes 2001).

Alien fungi and indigenous plants
Non-host specific pathogens

Amongst the many fungi introduced to South Africa are
those which are not host specific, but with a broader host
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range they may potentially attack indigenous plants, either
closely related to their natural host or to a wide range of
phylogenetically unrelated plants. Internationally, severe
ecological impacts have been recorded by a wide range of
fungal pathogens (Desprez-Loustau et al. 2007; Fisher et al.
2012). P. cinnamomi is one of the most serious invasive alien
pathogens of natural ecosystems, as well as a pathogen of
numerous crop species, around the world including in
South Africa. It is the causal organism of Jarrah Dieback in
Western Australia, killing a broad range of plants. Widespread
in Australia, it kills many plant species in various ecosystems
(Cahill et al. 2008) and is also associated with disease of
naturally growing trees in other parts of the world (e.g. Balci
et al. 2007; Camilo-Alves, Clara & Ribeiro 2013; Vettraino
et al. 2005). In South Africa, it is the causal organism of a root
and crown rot of Leucadendron argenteum (L.) R. Br. (van Wyk
1973), dieback of Ocotea bullata (Burch.) E. Meyer (Liibbe &
Mostert 1991) and recently has been found to have caused
some mortality of Encephalartos transvenosus Stapf & Burtt
Davy (Nesamari et al. 2016). It has been recorded as causing
mortality of a wide range of indigenous fynbos plants,
especially members of the Proteaceae (Von Broembsen 1984a;
Von Broembsen & Brits 1985; Von Broembsen & Kruger
1985), including in remote pristine mountain fynbos (Von
Broembsen 1984b) and has been found in headwaters of
rivers in the fynbos biome (Von Broembsen 1984b). Low
genetic diversity in South African populations indicates that
it is an introduced species (Linde, Drenth & Wingfield 1999).

Several other species of Phytophthora are likely invasive in
South Africa. Phytophthora multivora PM. Scott & T. Jung and
P. capensis Bezuid, Denman, A. McLeod & S.A. Kirk have
been isolated from several indigenous plants (Bezuidenhout
et al. 2010). The origin of these species is not known, but they
may well be aliens. Phytophthora niederhauserii Z.G. Abad &
J.A. Abad is a recently described species known to infect
grapevines in South Africa. Considering that it has been
recorded from a wide variety of plant species worldwide
(Abad et al. 2014), it is likely to also be invasive in South
Africa. Other species known so far only as crop pathogens in
South Africa may also be invasive. The related genus Pythium
also contains some species which have been isolated from
indigenous plants or associated soil (McLeod et al. 2009)
including P. irregulare Buisman isolated from Aspalathus
liearis (Burm.f.) R. Dahlgren in natural ecosystems
(Bahramisharif et al. 2014). An unidentified Pythium species
has been associated with dieback and mortality of
fynbos shrubs in the Western Cape (Jacobsen et al. 2012).

Puccinia lagenophorae Cooke is a rust fungus originating in
Australia and which has since been introduced around the
world. It was present in South Africa by 1918, and has been
recorded on 48 indigenous species in the Asteraceae, and is
now distributed from the Cape Peninsula to the Richtersveld
and Mpumalanga (Scholler et al. 2011). It has also been
recorded as having formed a hybrid with an unknown,
presumably indigenous, species in KwaZulu-Natal (Morin
et al. 2009); hybridisation is an important means of speciation
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amongst fungi leading to the emergence of new invasive
species (Brasier 2001; Stukenbrock 2016).

The myrtle rust Puccinia psidii G. Winter, originally from
South America, has been introduced around the world in
Eucalyptus plantations and has caused significant damage to
indigenous Myrtales plants in Australia (Carnegie et al. 2016;
Pegg et al. 2014). This fungus is listed as a prohibited species
in the NEM:BA:A&IS regulations but has recently been
recorded as present in South Africa (Roux et al. 2013). A risk
assessment of selected indigenous species in the Myrtales
found that this rust fungus does pose a threat to our
indigenous flora (Roux et al. 2015). This fungus has now been
found to be widespread in South Africa, ranging from
southern KwaZulu-Natal to Limpopo provinces, and
occurring on a range of introduced and indigenous plants in
the Myrtales, but so far not on Eucalyptus. The genotype
found in South Africa is distinct to that which is invasive
elsewhere in the world (Roux et al. 2016).

A. mellea was introduced to the Company Garden, Cape
Town, possibly as long as 300 years ago (Coetzee et al. 2001).
It has, until recently, been limited to this small area by the
development of the City of Cape Town isolating this locality,
but has now been recorded from Kirstenbosch on indigenous
Proteaceae (Coetzee et al. 2003; Wingfield et al. 2010).
Likewise, Armillaria gallica has also been recorded from
Kirstenbosch (Coetzee et al. 2003). Both these fungi are from
the Northern Hemisphere and are highly destructive wood-
rot pathogens of a wide range of tree species. They may well
pose a significant threat to indigenous forests if they establish
therein.

The endemic and endangered wild rye (Secale strictum C.
Presl ssp. africanum (Stapf) K. Hammer) is susceptible to, and
infected by, Puccinia graminis Pers., P. striiformis Westend.
and P. recondita Dietel & Holw., all introduced and widespread
pathogens of cereal crops in South Africa. Infection by these
rust fungi may have contributed to the almost complete loss
of this grass, now restricted to a single farm on the Roggeveld
(Pretorius, Bender & Visser 2015).

Ceratocystis pirilliformis 1. Barnes & M.]. Wingf., an introduced
fungus which colonises wounds on Eucalyptus (Nkuekam et
al. 2009), has recently been found on Rapanea melanophloeos
(L.) Mez, and it is suggested that ongoing distribution of this
pathogen is by anthropogenic activities (Lee et al. 2016).

There are likely many more alien fungi attacking indigenous
plants. Non-specific pathogens introduced with alien host
plants can be more damaging to native plants than to the
original host, facilitating invasion by the alien plant (Li et al.
2014). However, recognition of these as invaders is difficult,
and there have been few studies till recently looking for
alien fungi in natural systems in South Africa. Erythricium
salmonicolor (Berk. & Broome) Burds. has been recorded as
causing disease and even death of indigenous trees such as
Podocarpus spp. and Dais cotonifolia L. near to plantations of
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Eucalyptus and Acacia mearnsii De Wild.. However, it was not
conclusively determined if this was an alien pathogen
introduced in association with the plantation industry, or
indigenous (Roux & Coetzee 2005). It is likely alien. There is
a need to investigate many pathogens of commercial and
plantation crops as potential invaders of natural habitats in
South Africa. The Botryosphaeriaceae illustrate this point;
they are a highly diverse family of woody plant inhabiting
fungi that may be endophytes or latent pathogens, the latter
only causing disease under conditions of environmental
stress on the host plant (Slippers & Wingfield 2007). Many
species have been recorded from introduced crop plants and
indigenous plants such as members of the Proteaceae
(Marincowitz et al. 2008), Syzygium cordatum Hochst. ex
Krauss (Pavlic et al. 2007), Adansonia digitata L. (Cruywagen
etal. 2016) and Sclerocarya birrea subsp. caffra (Sond.) Kokwaro
(Mehl et al. 2016) in South Africa. Species recorded from
indigenous plants include wide spread species recorded
from many host plants, whereas there is also a high diversity
of indigenous members of this family. There is a need to
determine which are alien and which may cause disease in
indigenous plants of sufficient severity to impact these
plants’ population dynamics, if any.

Saprotrophic fungi

Pearson (1950:277) noted that the identification of species of
mushrooms collected in and around Cape Town proved to
be easy as ‘Most of the agarics and all the boleti collected are
the same as found in Europe’. This was ascribed to most
trees being of foreign origin, and few mushrooms occurring
in natural forest and fynbos (Pearson 1950). It is therefore
likely that many saprophytic macro- and microfungi
are introduced and naturalised. A high proportion of the
macrofungi named to species level in South Africa have
been recognised because they are widespread European or
Northern Hemisphere species (e.g. Gryzenhout 2010; van
der Westhuizen & Eicker 1994). An example is the morel
Morchella esculenta (L.) Pers. (Doidge 1950; Gryzenhout
2010); this genus is recognised as indigenous to the Northern
Hemisphere (O’Donnell et al. 2011). Because macrofungi are
relatively well known throughout much of the developed
world, the majority of saprophytic fungi that are recognised
as naturalised are these rather than microfungi. In France,
26% (59 of 227 species) of fungi recorded as alien were
saprotrophs; all were macrofungi, and all but one species
belonged to the Agaricales, Polyporales and Phallales
(Basidiomycota) (Desprez-Loustau et al. 2010).

Many naturalised alien saprotrophs are, however, likely to
simply occupy ecological space rather than damaging natural
ecosystem functions (Vacher et al. 2010). Favolaschia calocera
R. Heim has been recorded as having invaded many countries
around the world but is not considered damaging to the
environment anywhere (Vizzini, Zotti & Mello 2009).
However, this requires testing as these fungi have not been
investigated as to whether they potentially disrupt or change
ecosystem processes, or replace indigenous species.
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Indigenous fungi and alien plants

A number of fungi regarded as indigenous to South Africa
cause diseases of plantation trees which are also invasive
alien plants, including Ceratocystis albifundus M.J. Wingf., De
Beer & M.]. Morris (wilt disease of Acacia mearnsii) (Roux et
al. 2007) and Chrysoporthe austroafricana Gryzenh. & M.]J.
Wingf. (canker disease of Eucalyptus) (Heath et al. 2006).
Several related fungi described from indigenous trees have
proven to be pathogenic to plantation trees in inoculation
experiments (Kamgan et al. 2008; Nakabonge et al. 2006;
Pavlic et al. 2007). Various other fungi likely to be indigenous
to South Africa have been recorded on naturalised weeds or
invasive plants (Table 3).

These new associations allow the deliberate use of these
pathogens as biological control agents. Two fungi have
been developed as biocontrol agents of alien plants in
South Africa: Colletotrichum acutatum J.H. Simmonds which
causes gummosis disease of H. sericea (Morris 1983, 1989) and
the wood-rotting Cylindrobasidium laeve (Pers.) Chamuris
which is used to prevent coppicing of felled Acacia mearnsii
trees (Morris et al. 1999). Another is under development,
Pseudolagarobasidium acaciicola Ginns, which causes a dieback
disease of Acacia cyclops G. Don (Kotze, Wood & Lennox 2015;
Wood & Ginns 2006). More could be developed.

The high biomass or seed production of invasive plants may
lead to high levels of associated generalist local pathogens,
not sufficiently damaging to the invader’s population
dynamics to exert control, but which can spill over onto
indigenous plants and can reduce the native populations
(Beckstead et al. 2010). Accumulation of local pathogens can
also provide a mechanism promoting invasion (see above).
Accumulation of local pathogens can persist even after the
removal of the alien plants, leaving a legacy of increased
damage to recovering indigenous vegetation (Maoela et al.
2016).

Arbuscular mycorrhizae

AM fungi are widespread in terrestrial ecosystems and are
considered to be non-specific, and therefore available to
invasive plants to form symbiotic associations (Redecker &
Raab 2006; Richardson et al. 2000). Although able to infect
most plants, AM fungi can show host preferences, thus the
interaction between invasive plants and the available AM
fungi may result in a positive feedback which changes the
composition of the AM community to the benefit of invasive
plants and to the detriment of indigenous plants (Zhang et al.
2010). Various impacts of AM have been recorded facilitating
invasion by alien plants. A. saligna (Labill.) Wendl. has a
larger root system than indigenous Fabaceae of the fynbos
biome, and therefore has more extensive AM fungal
colonisation providing more efficient nutrient uptake which
promotes invasion (Hoffman & Mitchell 1986). Disturbance
can reduce the amount of AM fungus inoculum available,
providing a window of opportunity for non-dependent
invasive plants to establish dominance over AM-dependent
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native plants (Carvalho et al. 2010; Owen et al. 2013).
Allelopathic invasive plants can also reduce AM fungi,
resulting in reduced growth of native plants dependent on
these fungi (Hale, Lapointe & Kalisz 2016; Koch et al. 2011),
although this effect can be offset by soil microbiota, possibly
by the degradation of the allelopathic chemicals (Lankau
2010).

Fungi and arthropods

Little work has been done on fungi associated with insects
and other arthropods in South Africa. Rong & Grobbelaar
(1998) listed records of fungi (excluding microsporidia)
found associated with arthropods in South Africa. Amongst
these are fungi that have potential to be developed as
biological control agents of arthropod pests (Rong &
Grobbelaar 1998). Several microorganisms have been
developed internationally as commercial biopesticides, such
as the fungi Beauveria bassiana (Bals.-Criv.) Vuill. and
Metarhizium anisopliae (Metschn.) Sorokin, and the bacterium
Bacillus thuringiensis Berliner. Several of these products are
marketed in South Africa; however, no ecological risk
assessment of using alien strains of these microorganisms,
isolated and commercially produced on other continents, has
been undertaken in South Africa. The development of
indigenous isolates, adapted to the local environment,
requires investigation. There are a few local companies
developing these. Naturally existing entomopathogenic
fungi can also be managed as part of an integrated pest
management programme of introduced pests of crops
(Hatting et al. 1999; Hatting, Poprawski & Miller 2000) and
invasive alien insects.

Control measures

The author is not aware of any attempts in South Africa to
control an invasive fungus in a natural ecosystem. Preventing
the introduction of potentially ecologically damaging fungi
is the best method of mitigating impacts (Dickie et al. 2016;
Hansen 2008; Wingfield et al. 2001). Part of the quarantine
process is to prohibit the introduction of named species
considered to pose a risk to the country. The current list of
prohibited species in the NEM:BA:A&IS regulations include
four fungus species (Table 1), two of which already occur in
the country. Fusarium oxysporum Schltdl. f. sp. cubense W.C.
Snyder & H.N. Hansen, cause of Panama disease of bananas,
was recorded as present in South Africa by the 1940s (Doidge
1950). Various pathogens can be recognised as likely posing a
risk to native ecosystems, and need to be added to the list of
prohibited species. An example is Armillaria luteobubalina
Watling & Kile, an Australian species pathogenic to many
plant species (e.g. Shearer et al. 1997,Shearer & Tippert 1988).
This list must be compiled in cooperation with DAFF who
administer their own list, and administer inspection and
quarantine services. Phytophthora kernoviae Brasier, Beales &
S.A. Kirk is better placed in the list of prohibited species
rather than in the invasive species lists. A shortfall of such
lists is that undescribed or little known but potentially
devastating pathogens will not be listed.
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If a damaging fungus is introduced and has become
widespread, control measures that can be implemented are
focused on (1) stopping further spread of the fungus, (2)
reducing inoculum levels within the area affected and (3)
restoring damaged vegetation (Hansen 2008). Early control
methods relied on stopping further spread by restricting
entry to infected areas and strict hygiene imposed on any
person or vehicle entering infected areas, for Phytophthora
species (Hansen et al. 2000; Shearer & Tippert 1988). These
remain as important control measures, and may be the only
practical measures that can be applied (Dickie et al. 2016).
Identification of high hazard areas, where the fungus is
most likely to invade and cause damage, focusses these
control methods where most needed (Cahill et al. 2008;
Shearer & Tippert 1988). Fungicides can be applied for
control (Cahill et al. 2008; Dickie et al. 2016; Dunstan et al.
2010; Hardy, Barrett & Shearer 2001; Hill, Tippert & Shearer
1995); however, these can have negative impacts on native
plants (phytotoxicity) (Hardy et al. 2001) or fungi (Dickie
et al. 2016).

Eradication of pathogens that have a limited host range can
be successful, following early detection of outbreaks in
geographically limited areas, by eradication of host plants
(Ganley & Bulman 2016; Sosnowski et al. 2009). This has
been unsuccessful when applied in natural ecosystems to
pathogens that have efficient long-distance dispersal
mechanisms (e.g. P. psidii, Carnegie & Cooper 2011) or broad
host ranges (e.g. P. cinnamomi, Hill et al. 1995). However, the
combination of eradicating host plants, soil fumigation and
installation of a physical root barrier proved to be successful
in eradicating P. cinnamomi in a small area adjacent to a high-
value conservation area. The topography at this site limited
the spread of this pathogen by water-borne spores (Dunstan
et al. 2010).

Conclusions and recommendations

The purpose of this review has been to provide a very brief
summary of some of the information that has become
available on fungi and invasions in the scientific literature,
to provide a springboard for future investigations of fungal
invasion in South Africa. The broad phylogenetic diversity
and numerous ecological roles of fungi result in multiple
interactions with other organisms. The best known
ecological impacts by invasive fungi are of introduced tree
pathogens that have caused significant reductions to their
new-association host’s abundance (Cahill et al. 2008; Fisher
etal. 2012; Loo 2009). In South Africa, the most widespread
and damaging is P. cinnamomi, although the impact locally
in natural ecosystems has not yet been quantified. But, not
all naturalised species cause ecological damage to natural
ecosystem functioning. Many fungi, including pathogens,
are assimilated into existing plant-fungus ecological
networks (Vacher et al. 2010). Internationally, it is only
relatively recently that an interest in the fungal dimension
in invasion science has developed, with inventory, impact
and invasion process studies beginning to be published.
Apart from terrestrial plant pathogens, very little is still
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known about naturalised saprotrophs (Desprez-Loustau et
al. 2007; Litchman 2010), plant mutualists, animal
pathogens and aquatic fungi.

One consequence of invasions by fungi is the increased
potential for hybridisation leading to either novel genotypes
or even new species that may be more aggressive, or attack
different hosts, than the parents (Brasier 2001; Callaghan &
Guest 2015; Stukenbrock 2016). Fungi can rapidly adapt to
new environments and novel hosts, and then these novel
genotypes can rapidly disperse, facilitating invasion (Gladieux
et al. 2015). Traits that have been associated with fungal
invasions include (1) characteristics associated with long-
distance dispersal; (2) sexual reproduction; (3) spore shape,
size and number of cells; (4) pre-adaption to environmental
conditions of introduced range; and (5) parasitic specialisation
(Philibert et al. 2011). Fungi have been implicated in a number
of hypotheses explaining invasion by plants but have not yet
been investigated as to which are relevant to their invasions.
In addition to direct impacts of invasion, fungi (and other
microbes) interact in many different ways with other
organisms within ecological networks, so that there are also
many indirect impacts of fungi (both indigenous and alien)
on invasions (Dawson & Schrama 2016; Desprez-Loustau
et al. 2007).

In terms of the National Status Report as set out in the
NEM:BA A&IS regulations (Government Notice No. R598,
1 August 2014), it can be concluded that the fungi listed as
category 1b are mainly not damaging to natural ecosystems
(five of the seven listed are plantation crop pathogens, four
are not yet present in the country) and therefore irrelevant to
the regulations, that no risk assessment of any fungus species
as a potential invader has been undertaken and no control
measures have been implemented by the Department of
Environmental Affairs (DEA) against any listed species.

This situation exists because there is simply no information
available to evaluate the invasive status of most fungi.
Interventions required include the development of capacity
to document the fungi indigenous to South Africa. This will
also provide capacity to document invasive fungi, and record
new arrivals. Capacity to investigate ecological processes
driven by or influenced by fungi also needs to be developed,
so that the impacts of invasive species can be determined,
including by invasive mutualistic and saprotrophic fungi.
This capacity would also be relevant to determine possible
means of reducing impacts by invasive fungi, although there
is limited scope for direct control. Fungi also have potential
as biological control organisms, and efforts to develop agents
against invasive alien plants should continue. There is under-
exploited potential for the development of locally occurring
agents against invasive or economically important pathogens
(e.g. Trichoderma spp.), arthropods (e.g. B. bassiana) and other
animal groups such as nematodes.

If an alien fungus is recorded in South Africa, what control
measures would be appropriate? Which government agency
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should be responsible for devising and carrying out a control
or containment programme? For example, the myrtle rust
pathogen, P. psidii, was recorded for the first time in 2013
(Roux et al. 2013); this is a listed prohibited species in the
NEM:BA A&IS regulations. The author is unaware of efforts
led by any government agency to control this pathogen.
Protocols or plans need to be developed and formulated by a
government agency that has specifically been made
responsible for control efforts. It may be noted here that
despite a rapid response by Australian organs of state, the
spread of this fungus was not halted in Australia (Carnegie et
al. 2016; Pegg et al. 2014).

There is little information available on pathways of
introduction, despite preventing introduction being in most
cases the only practical means of control. It is recognised that
most introductions have been human mediated (Fisher et al.
2012; Moralejo et al. 2009; Roy et al. 2014; Wingfield et al.
2001), but there is a need to identify potential routes and
substrates of introductions. One of the most likely important
means of introduction in the past was the transport of living
crop plants growing in soil to our shores. The transport of
live plants in the forestry and horticultural industries
continues this trend (Moralejo et al. 2009; Roy et al. 2014). The
nursery trade is also an important means of spreading alien
fungi within countries. Bulk timber consignments, and
timber products, are also important introduction pathways
(Roy et al. 2014; Wingfield et al. 2001).

Currently, the importation of all organisms is controlled by
DAFF, who administer applications for import by issuing
permits, and through inspection and quarantine services.
It is therefore important for cooperation between DEA and
DAFF to ensure that risks to the environment are part of
any risk assessment undertaken when considering an
application for import. This should include applications
for the import of microbial remedies such as Trichoderma
species and B. bassiana, or mutualists such as AM fungi.
In such cases, a precautionary principle may be appropriate,
that developing commercial products using locally adapted
indigenous strains of the species of interest would be
preferable to importing alien strains. However, it needs to
be recognised that in many cases we know so little about
what fungi are native to South Africa, and their ecological
importance, that a risk assessment may be impossible to
compile. Standards for packing material and any medium
in which plants, plant parts or animals are transported may
also need modification.

There is a clear need to revise the current list of declared alien
microbial species, as well as the list of prohibited species. It
will be important at the same time to consider if any control
options are possible against any listed species, as the NEM:BA
act requires control to be implemented against these. The
decision to include species should not only be based solely
on the fact that they are recorded as alien but also on that a
plan of action to at least ameliorate negative ecological
impacts can be implemented.
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