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Abstract

Species of Botryosphaeriaceae (Dothideomycetes, Ascomycota) have been reported as
endophytes, pathogens and saprobes on a wide range of plants. Their roles in different life forms
are not well-defined and should be studied in more detail. It is of interest to understand how these
fungi become pathogenic on living tissues. Previous studies have proposed that the pathogenicity of
botryosphaeriaceous species is triggered by the changes in environmental conditions. It is assumed
that, external stimuli caused by above ground and below ground factors, extensive physical damage
due to management practices or from pests, impose stress on the host plant. Due to these stresses,
these botryosphaeriaceous taxa activate their biochemical mechanisms and become plant
pathogens, causing disease. These diseases may ultimately result in plant death and thus cause
economic losses. Since the aggressiveness of Botryosphaeriaceae species depends on changes in
their surrounding environmental factors, species in this group are regarded as opportunistic
pathogens. Nevertheless, it is still debatable, whether it is the changing environment that triggers
pathogenicity of Botryosphaeriaceae, or disease development is a result of weakening of the host
defences. Therefore, it is important to design experiments to understand the factors involved in
pathogenesis.

Key words — Botryosphaeria dieback — endophytic fungi — opportunistic fungal pathogens —
pathogenicity test — virulence

Introduction

The family Botryosphaeriaceae encompasses a range of diverse fungi that are pathogens,
endophytes or saprobes on a wide range of hosts. They are found in all geographic and climatic
areas of the world, with the exception of the polar regions (Crous et al. 2007, Rodas et al. 2009,
Wunderlich et al. 2011, Phillips et al. 2013, Alves et al. 2014, Hyde et al. 2014, Lorenzini et al.
2015, Trakunyingcharoen et al. 2015). These fungi are categorized as pathogens of woody hosts
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that penetrate their hosts through natural openings, such as stomata, lenticels, wounds, infected
twigs, stems, roots and leaves (Schoeneweiss 1981). They are thought to exist in a latent state
inside the host tissues for an extended period without causing any symptoms (Smith et al. 1996a).
Some studies have proposed that when plants become stressed due to extreme environmental
conditions, both above and below ground, or if management practices or pests, physically damage
the host, these latent infections become active and result in serious diseases (Schoeneweiss 1981,
Smith et al. 19964, Slippers & Wingfield 2007). These diseases include cankers, dieback, fruit rot,
gummosis, leaf spots and even plant death (Rodas et al. 2009, Xu et al. 2015) and they are the
cause of important emerging diseases (Alves et al. 2014, Machado et al. 2014, Netto et al. 2014) .
Within the family their ecological role varies with species. For example, species such as Diplodia
seriata, Lasiodiplodia species, and Neofusicoccum parvum are reported to be pathogenic on many
hosts (Phillips et al. 2013, Chen et al. 2014, Netto et al. 2014, Li et al. 2015, Linaldeddu et al.
2015, Farr & Rossman 2016) whileDothiorella dulcispinae and Dothiorella pretoriensis have been
reported as weak pathogens (Jami et al. 2013, Phillips et al. 2013).

The ecological role (as endophytes, pathogens or saprobes) of members of the family
Botryosphaeriaceae can change according to the local ecosystem. Therefore, in this review, we will
regard species of Botryosphaeriaceae as opportunistic plant fungal pathogens, and focus how their
pathogenicity varies with environmental factors. We discuss (1) the terminology used to describe
pathogenicity, (2) the family Botryosphaeriaceae, (3) the effects of the environmental on host-
pathogen interactions, (4) the possibility of phytotoxin-induced pathogenicity and (5) pathogenicity
and aggressiveness assays.

Terminology used to describe pathogenicity

Researchers identify fungal taxa from different substrates, for various reasons. For example,
they may want to know the cause of a disease, the identity of the fungus from a quarantine
perspective, the ecological roles of taxa in the environment, the names for biodiversity inventories,
or from curiosity. Once an organism is identified, some of the questions that arise are, “What does
this organism do?” or “Will it be harmful?” To answer such questions and to describe the effects of
living organisms on another, various terms have been used. The term “pathogen” describes if an
organism is capable of causing a disease in another organism. Several terms are used to describe
the level of damage caused by a pathogen including “offensive”, “defensive” (Smith 1914), “pure
saprobe”, “pure parasite”, “half parasite” (Zinsser & Bayne- Jones1939, D'Arcy et al. 2011)
“virulence”, “pathogenicity” and “aggressiveness (D'Arcy et al. 2011). Plant pathologists and
specialists in related fields have provided definitions for these terms. According to those
definitions, “pathogenicity” is the capacity of a microbe to produce a disease or to cause damage to
a host. Virulence and aggressiveness relate to the relative capacity of a microbe to cause damage to
a host (degree of pathogenicity) (D'Arcy et al. 2011). Certain host-pathogen relationships have a
gene-for-gene interaction in which the plant produces resistance genes against a corresponding
virulence gene of the pathogen (McDonald 2004, Pariaud et al. 2009). When the pathogens are
host-specific, the term “virulence” is used as the quantitative measure of pathogenicity. On the
other hand, aggressiveness refers to a quantitative variation of pathogenicity on susceptible hosts
without any restriction related to specificity (Pariaud et al. 2009).

“Pathogenicity” is a qualitative character that is used to describe the character of a particular
organism that has the ability to cause disease. For such an organism, the level of harmfulness on the
host can be expressed as aggressiveness or virulence, which is the quantitative trait. Since there is
no evidence to suggest a gene-for-gene interaction between the host and species in
Botryosphaeriaceae they are considered as non host-specific. For example, Lasiodiplodia
theobromae has been reported as an aggressive pathogen on avocado, banana, barbados cherry,
cashew, citrus, coconut palm, custard apple, grapevine, guava, mango, muskmelon, passion fruit,
soursop, and watermelon in Brazil (Netto et al. 2014). In grapevines, dieback is caused by several
different species in different countries (Urbez-Torres et al. 2010a, b, 2011, Marques et al. 2013,
Whitelaw-Weckert et al. 2013, Yan et al. 2013, Linaldeddu et al. 2015). Therefore, in this essay
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we use the term “aggressiveness” rather than “virulence” to describe the degree of pathogenicity of
species in Botryosphaeriaceae.

The family Botryosphaeriaceae

The family Botryosphaeriaceae (Dothideomycetes, Ascomycota) was introduced by
Theissen & Sydow (1918). Members of this family occur in most parts of the world in various
ecological niches (Liu et al. 2012, Phillips et al. 2013). They are characterized by their large, ovoid
to oblong hyaline or coloured and septate or aseptate ascospores. Botryosphaeriaceae species occur
in wide a range of habits as saprobes, endophytes and parasites (Begoude et al. 2011, Urbez-Torres
2011, Phillips et al. 2013). Species are widely distributed and occur in a range of host plants,
including dicotyledonous, monocotyledonous and gymnosperms. They live on twigs and woody
branches, herbaceous leaves, stems and culms of grasses, in the thalli of lichens and even on sea
grasses (Barr 1987, Mohali et al. 2009, Begoude et al. 2011, Liu et al. 2012).

Species of Botryosphaeriaceae are well-known as endophytes. Endophytic fungi are
ubiquitous and diverse in host plants (Faeth & Fagan 2002, Hyde & Soytong 2008, Nair &
Padmavathy 2014). Some endophytes are considered to provide crucial services to the host. For
example, some are responsible for carbohydrate exchange, protection from other pathogens and for
increasing the rate at which sub-optimal tissues are discarded (Faeth & Fagan 2002, Hantsch et al.
2014, Nair & Padmavathy 2014). Many species of the Botryosphaeriaceae are considered to be
Class 111 endophytes (Smith et al. 1996a, Sakalidis et al. 2011). They have the potential to become
latent or opportunistic pathogens. It is thought that when plants are stressed due to various factors,
class Il endophytes become active and cause disease (Sakalidis et al. 2011).

Some Botryosphaeriaceous taxa live as saprobes on dead material (Jeewon et al. 2013).
They recycle organic and inorganic material enhancing the nutrient level of soil. It has been
reported that Botryosphaeriaceae species can survive on plant debris until they have an opportunity
to invade a suitable plant host (Jeewon et al. 2013). However, the mechanism that changes a
saprobe to become a pathogen has not yet been determined. This phenomenon might be due to
changes in the surrounding environment, such as an increase in temperature, high light intensity,
low soil temperature and lack of available organic compounds in soil. All of these factors need to
be studied.

Jami et al. (2013) proposed that species of Botryosphaeriaceae could be used as model
organisms to understand the dispersal patterns of latent pathogens. As latent pathogens, they can be
unintentionally spread around the world on seeds, cuttings or even in fruits (Begoude et al. 2011).
Even though they are endophytes on a wide range of hosts, their role as plant pathogens has
received greater attention. The relationship between endophytes and pathogens in
Botryosphaeriaceae is presently unclear. Some experiments have been conducted in the last few
years to understand the relationships between endophytic and pathogenic life-styles. The following
section gives some indication of the effect of the environment on aggressiveness in
Botryosphaeriaceae.

Effect environment on host-pathogen interactions

The main questions that arise when it comes to diseases caused by species of
Botryosphaeriaceae are, “How do these fungi become pathogenic to their host plants?” and “What
alters their life mode from endophyte to pathogen?” It is still not known if the environment directly
influences the fungi to become pathogenic or if they become pathogenic once the host plant loses
vigour due to changes in environmental conditions. Thus, it is debatable whether the change from
endophytic to a pathogenic life mode is a result of the direct influence of the environment on the
fungus or due to a loss of resistance by the host plant (Slippers & Wingfield 2007, Urbez-Torres
2010a, b, ¢, Alvarez-Loayza et al. 2011). However, most studies have focused on factors that alter
host susceptibility via stressing the plant, rather than the direct effects of the environment on the
fungi.
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To understand the effect of climate upon aggressiveness of a taxon, it is necessary to carry
out continuous field evaluations over consecutive years (Pariaud et al. 2009). In
Botryosphaeriaceae, there have been few long term field studies aimed at understanding how
changes in the environment affect aggressiveness. Among the studies on Botryosphaeriaceae, only
a few highlight the effect of environment on disease development. The influence of light intensity
on Diplodia mutila and the transition from an endosymbiotic to a pathogenic lifestyle was shown
by Alvarez-Loayza et al. (2011) in a common tropical tree, Iriartea deloidea. Low light favours
endosymbiotic development, constraining recruitment of endophyte-infested seedlings to shaded
understory by reducing seedling survival in direct light. The pathogenicity of D. mutila under
higher light intensity is believed to result from light-induced production of hydrogen peroxide. This
might trigger hypersensitivity, cell death, and tissue necrosis in the host (Alvarez-Loayza et al.
2011).

The effect of temperature on fungal growth and disease development has been reported in
several studies. Sanchez et al. (2003) highlighted the temperature-growth relationship on D. mutila,
Dothiorella sarmentorum and Botryosphaeria dothidea. Their study showed that the optimum
temperature for growth of these taxa is 20-25 C. Pathogenicity tests revealed that there was a
significant difference in lesion length at these temperatures. At the optimal temperature for growth,
Dothiorella sarmentorum formed larger lesions than at sub- or super-optimal temperatures. With an
increase in temperature, all three species caused larger lesions (Félix et al. 2016). This study
demonstrated that with increasing temperature, over the range of 25-37°C, there was a
corresponding increase in the production of pathogenesis-related proteins by Lasiodiplodia
theobromae. This suggested the possibility of temperature induced pathogenicity of L. theobromae.
With increased temperatures and global warming, pests and diseases could expand their
geographical ranges and plants could be exposed to more stress (Piao et al. 2010). Global warming
may result in an increased chance of infection by opportunistic Botryosphaeriaceae species.

Several studies have been conducted to understand the effect of water stress on disease
development by botryosphaeriaceous taxa (Desprez-Loustau et al. 2006). Ragazzi et al. (1999a, b)
showed that canker development by D. mutila on Quercus robur seedlings was enhanced under
water stress. Mareeswaran et al. (2015) reported that tea leaf spot, caused by Macrophoma theicola,
is most severe in drought susceptible areas where soil conditions are poor. Such conditions would
be expected to impose severe drought stress on the host and this would likely make it more
susceptible to disease. Paoletti et al. (2007) tested the effect of ozone on disease expression by
Diplodia corticola. Their study demonstrated that exposure of one-year-old cork oak seedlings to
ozone increased the development of lesions by D. corticola on leaves. The same study suggested
that ozone and drought are the major abiotic factors affecting plants in Mediterranean forests
leading to increased levels of fungal infections. Wingfield et al. (2011) stated that the
aggressiveness of botryosphaeriaceous taxa would increase once the plant moves away from its
native environment. As an example they showed that Acacia mearnsii trees introduced into South
Africa have a relatively lower endophytic population compared to plants in their native populations.
Their study indicated that species of Botryosphaeriaceae are major stress-related pathogens in
South African Acacia species, but this statement was based on previous disease reports and did not
provide any experimental evidence.

Physical damage to the host has been implicated in the epidemiology of diseases caused by
Botryosphaeriaceae species. Pruning can stress the plant and simultaneously pruning wounds are
highly susceptible to infection by botryosphaeriaceous taxa. Disease severity increases when
pruning practices are carried out with the onset of rainfall (Slippers & Wingfield 2007, Urbez-
Torreset al. 2010c, Amponsah et al. 2012). Wounds resulting from pest damage or severe
environmental conditions such as heavy snowfall, storms and hail are also reported to increase
susceptibility to infection by Botryosphaeriaceae species (Slippers & Wingfield 2007).

Hartill & Everett (2002) carried out an interesting study on avocado fruit rot, which is
caused by Botryosphaeriaceae, Colletotrichum, and Phomopsis species. Those species were
identified as both endophytes and pathogens of avocado. They suggested possible pathways for
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fruit infection as follows: 1) infections can take place at flowering stage and remain dormant until
fruit ripening, 2) during ripening stage the infection sites are less resistant, thus increase the
possibility for infection, 3) the pathogen remains as an endophyte in pedicels and twigs and then
grows into the fruits, 4) airborne spores or hyphal fragments directly infect twigs and fruit. They
provided evidence to support the third pathway, but the evidence was insufficient to conclude how
these fungi become pathogenic on fruits. Nevertheless, they point out the phase of “phellophytes”;
fungi that live in the outer layer of the bark and infect the fruit when physical damage occurs. This
study revealed that Botryosphaeria dothidea and Neofusicoccum parvum, the causal agents of
avocado fruit rot, occur at much greater frequencies in the extra cambial tissues than in the xylem
(Hartill & Everett 2002).

Several experiments have suggested that Botryosphaeriaceae can transform from their
endophytic phase to become pathogenic (Smith et al. 1996a,b, Sakalidis et al. 2011). Such studies
have suggested that when the host plant is stressed, the fungi can colonize the plant (Slippers &
Wingfield 2007). Factors that are considered to trigger Botryosphaeriaceae species to become
pathogenic from their endophytic or saprobic phase could be changes in environmental conditions,
such as high light intensity, high or low temperature, high relative humidity and soil conditions
(drought, water-logging or low soil temperature) (Agrios 2005). Abiotic factors associated with the
plants are nutrient deficiency and physical damage. Competition among plants can also act as the
factors triggering this transition (Slippers & Wingfield 2007, Amponsah et al. 2011, Wunderlich et
al. 2011). In addition, environmental factors can also affect the fungal pathogenic community. For
example, a pathogenic fungus could be living in the form of an endophyte or a saprobe. When the
surrounding microenvironment changes (often temperature and moisture), they have to compete
with other microbes for their survival. Natural selection then takes place, which allows the ability
of microbes to invade the plant, triggering their new life style, becoming pathogenic, continuing
their life cycles as a pathogen, and thus surviving (Casadevall 2009). This series of events may also
apply to species of Botryosphaeriaceae and possibly explain how they change their life-style from
saprobic or endophytic to pathogenic.

In view of the above facts, it is debatable if environmental factors actually trigger the
aggressiveness of Botryosphaeriaceae species. It is more likely that disease development is a result
of increased host susceptibility. Therefore, experiments should be designed to understand the
influence of environment on the aggressiveness mechanisms of the pathogen.

The possibility of phytotoxin-induced pathogenicity

Phytotoxins produced by fungal pathogens facilitate colonization of host tissues thus
contributing to pathogenicity, which may or may not be host-specific (Berestetskiy 2008,
Stergiopoulos et al. 2013). Usually these secondary metabolites interrupt the metabolic activities of
the plant by weakening the defence against the pathogens. Some species in Botryosphaeriaceae
produce exopolysaccharides, which might be directly linked to the pathogenicity of the fungus. For
example, Lasiodiplodia theobromae has been reported to produce exopolysaccharides involved in
pathogenesis (Barbosa et al. 1996, 2003).

Several studies have been conducted to understand the effect of phytotoxins produced by
species of Botryosphaeriaceae on grapevine. Martos et al. (2008) conducted a study on five
Botryosphaeriaceae species (B. dothidea, D. seriata, Spencermartinsia viticola, N. luteum and N.
parvum). The phytotoxins produced by N. luteum and N. parvum are lipophilic, low molecular
weight compounds and their phytotoxicity has been shown in plant assays. Evidente et al. (2010)
identified a number of potential phytotoxins produced by N. parvum on grapevines. However, they
did not prove that they were phytotoxic to grapevines. Several known phytotoxins have been
identified in Diplodia seriata, such as isocoumarins and melleins (Djoukeng et al. 2009).

To study and understand pathogenicity it is important to choose the most suitable
pathogenicity tests for the species to be studied. In the following section, we discuss different
approaches used to test pathogenicity.
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Pathogenicity and aggressiveness assays

Various types of pathogenicity tests are used to determine the level of aggressiveness in
plant pathogens. The tests can be either in vivo, where plants are inoculated in the field or in a
greenhouse, or in vitro, where the tests are carried out on plant parts under controlled laboratory
conditions. The main disadvantage of in vivo tests is that environmental factors cannot be
controlled. Although environmental conditions can be controlled in in vitro tests, such tests would
be expected to induce stress on the plant part to be tested (Begoude et al. 2010, Amponsah et al.
2012, Whitelaw-Weckert et al. 2013).

The types of tissue inoculated in pathogenicity tests vary according to the disease. These
can be mature wood, succulent green shoots, fruits, leaves or inflorescences (Brown-Rytlewski et
al. 2009). Inoculum can be either mycelial plugs or conidial suspensions that are applied to either
wounded or non-wounded plant parts. The most commonly used method for testing pathogenicity
in species of Botryosphaeriaceae consists of applying an agar plug colonized by the test fungus to a
wound on the host (Brown-Rytlewski et al. 2009, Wunderlich et al. 2011, Linaldeddu et al.
2015). This method is simple and since many species of Botryosphaeriaceae are considered to be
wound pathogens (Amponsah et al. 2012, Yan et al. 2013) it has been argued that it represents the
natural mode of infection. However, it does have some serious drawbacks and these relate to the
amount of inoculum and associated nutrient source. In this approach, a large amount of inoculum is
applied to a wound and supplied with a vast quantity of nutrients. Under such conditions, it is likely
that even a weak pathogen will be able to cause disease. Nevertheless, this method is easy and,
depending on how the results are assessed and interpreted, it can give an indication of the ability of
the fungus to cause disease and can also provide some measure of the amount of disease.

When spore suspensions are used as inoculum, nutrient status can be controlled to a certain
extent. Thus, the suspension can be prepared in a medium with different amounts of nutrients, or
with no extra nutrients. Applications of spore suspensions can also be used to measure the latent
period inside the host tissue (Wunderlich et al. 2011, Whitelaw-Weckert et al. 2013). One major
disadvantage of this method is that some fungi do not sporulate in culture. Irrespective of the type
of inoculum used, the amount applied on the infection site plays a vital role. Excessive amounts can
result in false positives, while too little can lead to negative conclusions. For example, a highly
aggressive strain applied at low inoculum levels could result in little or no disease, whereas a weak
pathogen applied as a massive amount of inoculum supplied with large amounts of nutrients could
result in disease. For the Botryosphaeriaceae there is a clear need for studies aimed at developing
pathogenicity tests that can be used to determine comparative aggressiveness of species and
isolates.

Conclusions

The roles played by species of Botryosphaeriaceae vary with their ecological niche. As
endophytes and pathogens their relationship with the plant should be studied in detail. In general it
has been suggested that endophytes are capable of living inside a plant as a symbiont facilitating
nutrient uptake by the host plant and exerting antagonistic effects on other phytopathogens.
However, for Botryosphaeriaceae species these aspects have not been proven. Botryosphaeriaceous
taxa as plant pathogens has generated considerable interest as an area for study, but still it is
unknown what are the factors that trigger these fungi to change their life-style from endophytic to
pathogenic. It appears that changes in environmental factors have an important effect on disease
development and this may be due to a breakdown of plant defences against the pathogen.
Considering the importance attributed to these fungi, there is a need for studies aimed at
understanding the effects of environmental factors on disease development. Whole-genomic,
metagenomics and proteogenomic analysis may help to explain the changes in gene expression
under various environmental conditions and how these affect biochemical expressions in host-
pathogen interactions.

Species of the family Botryosphaeriaceae have a wide range of hosts. Individual species
have the ability to infect several different host species. In addition, these species have a wide
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geographical distribution. Because of this, studies aimed at a single species cannot be extrapolated
to make firm conclusions about aggressiveness of the entire family. Therefore, further studies are
required with well-designed pathogenicity tests to understand the differences in aggressiveness of
each species and variability within a species. To obtain desirable outcomes it is important to have
statistically suitable sample sizes and it is necessary to formulate clear hypotheses to be tested with
appropriate experimental models. Changes in aggressiveness of opportunistic fungi as a result of
global warming would be an interesting field for further studies.
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