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Palavras-chave

Resumo

Patologia florestal; “host-jumps”; nichos ecolégicos; modelos de distribuicdo
de espécies; andlise de risco; alteracdes climaticas.

A familia de fungos Botryosphaeriaceae (Botryosphaeriales, Ascomycetes)
é conhecida por incluir diversas espécies de patégenos oportunistas
ou endodfitos latentes que afectam varias espécies de angiospérmicas e
gimnospérmicas em todo o mundo. Estes fungos, normalmente, atacam
plantas expostas a stresses abiéticos, como por exemplo seca ou plantas
que ja estdo afectadas por outro tipo de patégenos ou pragas. Doencas
causadas por estas espécies originam podriddo de frutos, manchas foliares,
tombamento apical, necroses, murchiddo de rebentos e eventualmente
pode originar a morte do hospedeiro. A quantidade de estudos com foco
na distribuicdo, diversidade, ecologia e patogenicidade de espécies de
Botryosphaeriaceae tem aumentado ao longo do tempo. Contudo, devido a
falta de consisténcia na delimitacdo das espécies, no nome dos hospedeiros
e na localizacdo dos estudos, é praticamente impossivel quantificar a
presenca destas espécies globalmente ou o nimero de diferentes relacGes
fungo-hospedeiro que realmente ocorrem. Além disso, varias questGes
relacionadas com o potencial de patogenicidade e a capacidade destes
organismos alternarem entre diferentes hospedeiros num cenéario de alter-
acoes climaticas continuam por responder. A presente tese, no capitulo
dois, apresenta uma perspectiva alargada sobre a diversidade global de
espécies de Botryosphaeriaceae, sua dispersao, associacGes de hospedeiros,
nichos ecoldgicos, patogenicidade e eficacia da comunicacdo de novas
ocorréncias e novas associacdes de fungos-hospedeiros, com recurso a uma
base de dados curada a nivel global. Esta base de dados, que contém mais
de 2900 referéncia bibliograficas de 1692 diferentes hospedeiros em 149
paises diferentes, foi transformada numa plataforma interactiva e aberta
que permite ao utilizador final consultar e explorar toda a informacao
com facilidade. O capitulo trés reflecte e avalia boas praticas para novas
descricBes de espécies de forma a garantir reprodutibilidade, transparéncia
e consisténcia ao longo do tempo. Com base na nossa definicio de
boas praticas foi verificado que, num grupo representativo de 210 novas
descricbes: mais de 90% das descricdes sdo acompanhadas por uma
caracterizacdo morfolégica detalhada e com anilises filogenéticas consis-
tentes; nas caracterizacdes moleculares e nas interaccdes fungo-hospedeiro,
60% das descricdes estdo desactualizadas ou ndo preenchem os critérios
minimos para publicacdo e 50% dos autores n3o providenciam informacdes
de acessibilidade e de reprodutibilidade suficientes. O capitulo quatro avalia
como estas espécies podem adaptar o seu nicho ecolégico em resposta as
actuais e futuras alteracGes climaticas. Em geral, é esperado um aumento
das areas com condicdes adequadas para a ocorréncia destes patdégenos
na grande maioria dos cenérios climaticos e um consistente aumento do
nimero de meses com condicdes dptimas para o desenvolvimento destes
fungos, que eventualmente pode alterar a fenologia destes organismos e
originar surtos mais frequentes e com maior intensidade. Adicionalmente,
como caso de estudo, no capitulo cinco, foi realizada uma amostragem a
nivel nacional em Portugal para identificar espécies de Botryosphaeriaceae
associadas aos principais hospedeiros florestais. Doze espécies diferentes
foram identificadas e os testes de patogenicidade revelaram a capacidade
de algumas espécies para alternarem hospedeiros demonstrando grande
susceptibilidade de Quercus suber para com Neofusicoccum parvum e N.
eucalyptorum, bem como de Pinus pinaster para com Diplodia corticola.
Diferentes perspectivas foram exploradas de forma a melhorar o nosso
conhecimento do desafio que as doencas relacionadas com espécies de
Botryosphaeriaceae apresentam num cenério de alteracdes climaticas.
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The family Botryosphaeriaceae (Botryosphaeriales, Ascomycetes) is known
to include several species of opportunistic pathogens or latent endophytes
that affect worldwide many angiosperm and gymnosperm hosts. These fungi
usually attack plants exposed to environmental stress, like drought or plants
that are already affected by other pathogens or pests. Diseases caused by
these species result on fruit rots, leaf spots, seedlings damping-off and collar
rot, cankers, blight of shoots and seedlings and eventually host death.
The number of studies targeting the distribution, diversity, ecology, and
pathogenicity of Botryosphaeriaceae species is consistently increasing. How-
ever, with the lack of consistency in species delimitation, the name of hosts,
and the locations of studies, it is almost impossible to quantify the presence
of these species worldwide, or the number of different hosts—fungus interac-
tions that occur. Also, several questions regarding pathogenicity potential
and the capability of these organisms to jump among different hosts in a
global change scenario is poorly understood.

The present thesis offers in chapter two, a broad perspective on
Botryosphaeriaceae species global diversity, dispersion, host association,
ecological niches, pathogenicity and communication efficiency of new oc-
currences and new host-fungus associations based on a worldwide cured
dataset. This dataset, with more than 2900 literature references from 1692
different plant species in 149 countries was transformed in an interactive
and open database that allows the end-user to easily consult and explore
information. In chapter three, reflects and assess best practices for new
fungal species descriptions to ensure reproducibility, transparency, and con-
sistency over time. Based on our definition of best available practices, it
was found that, from a representative group of 210 new fungal descrip-
tions, over 90% of the descriptions are followed by a detailed morphological
characterization and with consistent phylogenetic analyses, for molecular
characterization and host-fungus interactions 60% of the descriptions are
outdated or only meet the minimal requirements for publication and 50% of
the authors do not provide enough accessible and reproducible information.
Chapter four evaluates how these species may shift their ecological ranges
in response to current and future climate changes. An overall increase of
suitable areas for these pathogens was predicted in most of the future sce-
narios and a consistent increase of the optimal growth months, for fungi
development, that eventually could impact the phenology of these organ-
isms and originate more frequent and intensive outbreaks. Additionally, in
chapter five, as a case study, a survey was conducted in Portugal to iden-
tify Botryosphaeriaceae species associated with the main forest tree species.
Twelve different species were identified, and pathogenicity tests revealed the
host-jump potential of some species, showing high susceptibility of Quercus
suber to Neofusicoccum parvum and N. eucalyptorum and of Pinus pinaster
to Diplodia corticola. Different perspectives were explored to contribute for
a better understanding of the challenge that Botryosphaeriaceae-related dis-
eases represent in a global change scenario.
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Chapter 1

Thesis outline

The main purpose of this thesis was to map and assess the risk of Botryosphaeriaceae
species occurrence worldwide. Additionally, as a study case, several forest hosts in Portugal
were selected to detect the regions affected by these pathogens, to investigate the possibility
of occurrence on new hosts and to model the dispersion of these plant pathogens under
different future climate change scenarios. To achieve that, this thematic was explored
from different perspectives using several methods: from field surveys to molecular and
phylogenetic characterizations or from worldwide database analyses to species distribution
modelling and risk assessment.

In Chapter 2 we collected and organized worldwide Botryosphaeriaceae occurrences in
a single cured dataset, allowing for the first time a complete perspective on species global
diversity, dispersion, host association, ecological niches, pathogenicity and communication
efficiency of new occurrences and new host-fungus associations.

Chapter 3 we evaluated the quality of the standards used for publication of new
Botryosphaeriaceae taxa. We selected a list of 210 Botryosphaeriaceae species, as rep-
resentative of new fungal species descriptions, and each description was evaluated and
scored according to a set of questions divided in five major topics: Morphological char-
acterization; Molecular characterization; Phylogenetic analysis; Host-fungus interactions
and Accessible information.

Chapter 4 we explored the role of global changes impacts, especially climate change, on
Botryosphaeriaceae-related diseases by mapping suitable areas for five Botryosphaeriaceae
species, according to three different future climate change scenarios.

Chapter 5 we analyzed Botryosphaeriaceae occurrence on the main forest hosts in
Portugal. A survey was conducted on main forest tree species in Portugal, Quercus suber,
FBucalyptus globulus and Pinus pinaster. Additionally, a meta-analysis was performed to
compile all records known from Portugal, and several pathogenic trials were performed to
explore host-fungus associations and possible new hosts jumps.

Finally, in chapter 6, a general discussion of the thesis is presented, and future chal-
lenges are discussed. In the end of the dissertation, supplementary data used is discrimi-

nated, allowing the reader to search detailed and complementary information.



CHAPTER 1. THESIS OUTLINE

The thesis is organized in article format. Some of the chapters have been published or
are submitted for publication:

Chapter 2: Batista E, Lopes A, Alves A. What Do We Know about Botryosphaeri-
aceae? An Overview of a Worldwide Cured Dataset. Forests. 2021; 12(3):313.
https://doi.org/10.3390/12030313
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CHAPTER 2. WHAT WE KNOW ABOUT BOTRYOSPHAERIACEAE? — OVERVIEW
OF A WORLDWIDE CURED DATASET

2.1 Abstract

Botryosphaeriaceae-related diseases occur worldwide in a wide variety of plant hosts.
Studies targeting the distribution, diversity, ecology, and pathogenicity of Botryosphaeri-
aceae species are consistently increasing. However, with the lack of consistency on species
delimitation, name of host or location among studies it is almost impossible to quantify
the presence of these species worldwide, or the number of different host-fungus inter-
actions. In this review we collected and organized Botryosphaeriaceae occurrences in a
single cured dataset, allowing for the first time a complete perspective on species global
diversity, dispersion, host association, ecological niches, pathogenicity and communication
efficiency of new occurrences and new host-fungus associations. This dataset is freely
available through an interactive and online application. The current release (version 1.0)
contains 14405 cured isolates and 2989 literature references of 12121 different host-fungus

interactions with 1692 different plant species from 149 countries.
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2.2 Introduction

Species of Botryosphaeriaceae (Botryosphaeriales, Ascomycetes) are distributed world-
wide and are known to have different ecological roles. These fungi can act as saprobic,
endophytic, or latent pathogens (Slippers and Wingfield, 2007; Phillips et al., 2013). Some
members of this family are recognized as aggressive plant pathogens on different types
of hosts. From agricultural crops to ornamental and forest hosts, these fungi have no
boundaries (Trakunyingcharoen et al., 2014; Linaldeddu et al., 2015; Moricca et al., 2016;
Marsberg et al., 2017; Mehl et al., 2017b; Zlatkovié et al., 2018). Their wide distribution,
the ability to persist endophytically. Becoming pathogenic only when their hosts are un-
der stress. Causing diseases that eventually may lead to host death, and the capability to
adapt and colonize new hosts (Slippers and Wingfield, 2007; Batista et al., 2020), turns
these organisms into a big challenge for plant pathology in a changing world (Anderson
et al., 2004; La Porta et al., 2008; Elad and Pertot, 2014).

Several species of Botryosphaeriaceae currently accepted have been described in
the XIX century, as for example Diplodia mutila (1834), Diplodia seriata (1845),
Botryosphaeria dothidea (1863), Diplodia sapinea (1870), among others. At that time, the
description of new species, as well as the taxonomic position of the family Botryosphaeri-
aceae, was exclusively based on their micromorphological characteristics. Therefore,
through years the taxonomic position of these organisms suffered multiple classifications
(for a historical overview see (Phillips et al., 2013)).

With the use of DNA sequencing and phylogenetic methods our understanding of the
taxonomy and diversity of Botryosphaeriaceae species changed profoundly over time. Since
1996 several authors based on sequence data studied the phylogenetic relationships of this
family and currently 20 genera and 280 species have been described (Crous et al., 2006;
Schoch et al., 2006; Phillips et al., 2008; Liu et al., 2012; Phillips et al., 2013; Slippers
et al., 2014; Dissanayake et al., 2016; Phillips et al., 2019).

Extensive surveys reporting diversity, distribution, and pathogenicity of Botryosphaeri-
aceae species have been performed in several countries providing valuable information in
terms of frequency and diversity of hosts. As examples: Australia (Burgess et al., 2019),
Algeria (Mahamedi et al., 2020), Brazil (Netto et al., 2014; Rosado et al., 2016), China
(Xu et al., 2015; Li et al., 2018), Portugal (Batista et al., 2020), United States of America
(Inderbitzin et al., 2010; Chen et al., 2014), Serbia, Montenegro, Bosnia and Herzegovina
(Zlatkovié et al., 2016), South Africa (Mehl et al., 2017b; Osorio et al., 2017) and many
others.

Information regarding these host-fungus interactions is rising (Slippers et al., 2017).
However, due to lack of consistency on the name of fungus, name of the host or even on
the location, it is almost impossible to quantify the presence of these species worldwide
or the number of different host-fungus interactions. Our review attempts to gather and
standardize all in-formation found in the NCBI nucleotide database and all host-fungus

interactions available in the U.S. National Fungus Collections. This information was cured
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and organized to be easily available through a shiny interactive application.

2.3 Data analysis and extraction

2.3.1 Data extraction from Nucleotide — NCBI database

An initial query was performed on 12-05-2020 in Nucleotide - NCBI database! using the
search term “Botryosphaeriaceae [Organism|” with the R package rentrez (Winter, 2017).
On total, 49955 sequences were retrieved. Information such as organism, strain/culture
collection, host, geographical coordinates, country, and title of publication were also ex-
tracted (Figure 2.1).

Screening was performed by removing duplicates and records without a strain or cul-
ture collection number. For each isolate, when available, sequences from the internal tran-
scribed spacer region of rRNA region (ITS), translation elongation factor 1-alpha TEF1 -
a, TUB2, second largest subunit of RNA polymerase II (RPB2) and two alternate forms
of the mating-type (MAT) locus (MAT1-1-1 and MAT1-2-1) were selected.

All sequences were grouped by the strain or culture collection number and all features
were manually standardized. Special characters were removed from the strain/culture
collection feature and organized by the main culture collections. Geographical coordinates
were transformed to the decimal form of the WGS84 geodetic datum and countries names
were organized according to the International Organization for Standardization (ISO)
reference system. Host names were cured according to the Catalogue of Life: 2019 Annual
Checklist from the CoL+ project (Bisby et al., 2010). Climate variables were extracted
from the CHELSEA project? only for records with geographical coordinates (Karger et al.,
2017). The organism name was verified and updated according to recent literature and
a sequence quality screening was performed by running a pairwise blast analysis between
the ITS of each isolate against the sequence of the type of each genus. Isolates with a

similarity lower than 94.3% were removed (Vu et al., 2019).

2.3.2 Data extraction from U.S. National Fungus Collections

A query was performed by genus (Alanphillipsia, Barriopsis, Botryobam-
busa, Botryosphaeria, Cophinforma, Diplodia, Dothiorella, Endomelanconiopsis,
FEutiarosporella, Lasiodiplodia, Macrophomina, Marasasiomyces, Mucoharknessia,
Neodeightonia, Neofusicoccum, Neoscytalidium, Oblongocollomyces, Phaeobotryon, Sar-
diniella, Sphaeropsis) on 12-05-2020. Data regarding Fungus — Hosts interactions was
extracted and organized by country, year, and citation. In total, 22698 host-fungus
interactions were extracted. Similarly, to the previous screening, duplicates were removed,

and all features were standardized by the same rules (Figure 2.1).

! https://www.ncbi.nlm.nih.gov/
2 https:/ /chelsa-climate.org/
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2.3.3 MDRBOT Database and Shiny Interface

A literature review was performed, and both datasets were analyzed to fill missing
information. Several extra organization level features were built to allow different filter

functions. A shiny interface was created to allow an easy access to both datasets.

2.3.4 The Site

The MDRBOT database® was built using R 3.6.0 with a web shiny interface. The web-
site includes: a search engine to the cured Botryosphaeriaceae isolates from the Nucleotide
— NCBI database and to the host-fungus interaction dataset where the user can perform
multiple field search and download the output as an excel format file. A worldwide map
generator tool for species occurrence is available, where the user can select an input species
and generate a world occurrence map. A climate data analyses is included, where the user
can select an input species and observe isolates with valid geographical information and
to evaluate the main climate variables associated to these records (minimum, average and
maximum annual temperature, and minimum, average, and maximum annual precipita-
tion). The option to download the output maps as a portable network graphics file of

both occurrence and climate data analyses is also available.

3 https://mdr-bot-cesam-ua.shinyapps.io/bot_ database/
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Query Nucleotide - NCBI Query U.S. National Fungus Collections Fungus
Botryosphaeriaceae [Organism]| Host Database - Botryosphaeriaceae [Organism]|

! I

/ 49,955 sequences / / 22,698 Hostffunglls /
interactions

! !

Manual cleaning Manual cleaning
Remove duplicate records &
Sequences without strain or isolate number Remove duplicate records
Select only ITS, tefl-a, tub2, rpb2, Standardize all features and organize by year
MATI-1-1, MATI-2-1 Literature review

Standardize all features and organize by isolates
Pairwise Blastn against genus ITS — Type sequence

14,405 isolates D 12,121 Host-fungus
, — interactions

MDRBOT
Database

Chelsa Climate II CoL+ project II

Interactive interface in shiny

Figure 2.1: Workflow overview to cure and organize data extracted from the Nucleotide
— NCBI database and the U.S. National Fungus Collections. Final output originated the
Map Detect and Research BOTryosphaeriaceae database that can be access through an

interactive shiny interface.
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2.4 Diversity vs sampling effort. How much do we really

know?

Despite all the efforts to characterize this fungal family it is impossible to evaluate
global diversity of these organ-isms due to different levels of sampling effort across coun-
tries. For that reason, we compared diversity with countries sampling effort using the
location of isolates from the Nucleotide - GenBank collection. In this analysis we consider
that data in Nucleotide is representative for sampling effort. We found that 138 countries
still have no records of Botryosphaeriaceae species deposited in GenBank (represented in
white in figure 2.2) and 66% of the countries with records with less than 51 isolates. Con-
centrating 80% of all isolates in only 11 countries: China (1810 isolates), United States of
America (1310), South Africa (1141), Brazil (1077), Australia (796) Italy (622) Iran (439),
India (412), Spain (347), Malaysia (324) and Portugal (311). In a similar way, diversity
tends to increase with sampling effort suggesting that we are still far away from reaching
a plateau: China (72 species), United States of America (55), South Africa (62), Brazil
(42), Australia (57) Italy (51) Iran (35), India (28), Spain (31), Malaysia (17) and Portugal
(23). In figure 2 we produced a bi-variate world map to evaluate countries diversity vs
sampling effort. It is clear the lack of data for several regions of the globe predominantly
in Africa, Central and Western Europe, North, Central and Western Asia, Bolivia, and

several countries in the Caribbean region.

1-3  4-8 9-85

52-1810

Higher sampling effort ->
©
o

Higher diversity ->

Figure 2.2: Bi-variate world map analyzing diversity vs sampling effort of Botryosphaeri-
aceae isolates. Data obtained from Nucleotide-GenBank (a total of 14405 isolates: 12593
with location and 1812 isolates without location). Countries in both variables were divided
in quartiles with equal probability of occurrence (e.g., for species diversity the probability
to randomly select a country is equal for the intervals with 1-3, 4-8 and 9-85 species) to

facilitate visualization.
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2.5 Worldwide occurrence — from where to where?

Evolutionary divergence studies show that Botryosphaeriaceae lineages emerged during
the late Cretaceous period, over 66 million years ago, in a period dominated by expansion of
angiosperms occupying environments previously dominated by conifers. It is hypothesised
that evolution of modern Botryosphaeriaceae species was driven by the evolution and
diversification during the Palaeocene epoch of their hosts, currently what we know as
modern plants (Slippers et al., 2013; Phillips et al., 2019). Several authors investigated the
origin of some species by performing population studies at the global scale among different
hosts and did not identify an obvious phylogeographic origin (Burgess and Wingfield, 2002;
Burgess et al., 2004; Bihon et al., 2012; Phillips et al., 2013; Sakalidis et al., 2013; Salahlou
et al., 2016; Mehl et al., 2017a).

It is known that infection and colonization of hosts can occur through natural wounds
on leaves, branches or stems and by other openings like lenticels and stomata. The dis-
tribution of these organism is favoured by the sticky spores dispersed by wind, rain, and
insects (Slippers and Wingfield, 2007). At the intercontinental level, Human movement,
and international trade of plants and derivates (timber and non-timber products) with-
out appropriate quarantine measures leveraged the dispersion of these organism (Slippers
et al., 2017). Within this family several species are known to have limited distributions
and a few species like Botryosphaeria dothidea, Diplodia sapinea, D. seriata, Dothiorella
sarmentorum, Neofusicoccum parvum and Lasiodiplodia theobromae are recognized to be
globally distributed (Phillips et al., 2013; Dissanayake et al., 2016; Mehl et al., 2017a). To
understand the distribution of the main Botryosphaeriaceae species we analysed the spatial
distributions among continents and terrestrial ecoregions (Olson et al., 2001; Dinerstein
et al., 2017). Within the studied species, so far, only Diplodia corticola and Neofusicoccum
mangiferae are not reported in all continents. This observation confirms the ability of the
remaining ones to spread globally. However, if we take in consideration the different terres-
trial ecoregions, we can observe that some species are reported only in certain ecoregions.
Based on occurrence data, we suggest a latitudinal shift among different types of climates
where some species are clearly concentrated in some types of ecosystems. As example Do.
sarmentorum, D. corticola, D. mutila, N. australe, D. seriata and D. sapinea found only
in Temperate and Mediterranean ecosystems and others with a wider range of dispersion.
Neofusicoccum parvum in our analysis appears to be the most adapted organism being
detected from North to South with exception of boreal forests and montane grasslands.
Boreal forests appear to be the most unlikely place to find Botryosphaeriaceae species, so

far, only D. sapinea has been reported in this region (Figure 2.3).
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Figure 2.3: Worldwide occurrence of the main Botryosphaeriaceae species (B. dothidea
(Bd), D. corticola (Dc), D. mutila (Dm), D. sapinea (Dsa), D. seriata (Dse), Do. sar-
mentorum (Ds), L. iranensis (Li), L. pseudotheobromae (Lp), L. theobromae (Lt), M.
phaseolina (Mp), N. australe (Na), Ne. dimidiatum (Nd), N. luteum (N1), N. mangiferae
(Nm), N. parvum (Np)). Data for continental occurrence was obtained from literature.
Points represent isolates with valid geographical coordinates from literature and GenBank.

A total of 786 geographical references were used.
12
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2.6 Understanding the process of host-jumps - can we spot

host specificity?

Defining a host range and understand which factors favour future host-jumps is essen-
tial to study emerging and re-emerging fungal pathogens. Several drivers are often men-
tioned in the literature such as international trade, failure of quarantine and preventive
measures, changes in land use or agricultural practices, pathogen evolution and plasticity,
mechanisms of genome divergence (e.g., mutation, hybridization, sexual recombination
and horizontal gene transfer and others), host-fungus genotype-by-genotype interactions,
poor host health, climate change, among others (Burdon and Silk, 1997; Lambrechts, 2010;
Brown and Tellier, 2011; Gange et al., 2011; De Fine Licht, 2018; Corredor-Moreno and
Saunders, 2020). Comparative genomics and omics studies are slowing unveiling host-
fungus interaction mechanisms by dissecting the plant defence mechanism, the fungal
pathogenic strategy and nutrient uptake pathways (Raffaele and Kamoun, 2012; Moller
and Stukenbrock, 2017; Westermann et al., 2017; Félix et al., 2019; Han, 2019). To clarify
a momentarily host range boundary and spot host specificity a complete overview of all
mentioned areas is crucial.

Through time our knowledge regarding the biology and ecology of these pathogens is
improving significantly. However, the mechanisms behind host-jumps and the worldwide
extension of host association patterns across Botryosphaeriaceae genera are still poorly
understood. In general, the most studied species lack host specificity and have proven
capability to colonize and cause disease in diverse native and introduced plant hosts (Slip-
pers and Wingfield, 2007; De Wet et al., 2008; Jami et al., 2017; Mehl et al., 2017b;
Pavlic-Zupanc et al., 2017; Zlatkovié¢ et al., 2018; Liddle et al., 2019; Batista et al., 2020).
Even species like D. sapinea and D. corticola, that have been consistently associated to
a certain type of host, have been occasionally found to occur on other unrelated hosts in
different regions of world (Lazzizera et al., 2008; Barradas et al., 2016; Zlatkovié¢ et al.,
2017; Batista et al., 2020).

To investigate possible host specificity, we compared the number of hosts against the
total number of hosts of the genera, the number of isolates, the number of countries where
these species were detected, the number of reports found in the literature and differences
between the number of known associations with angiosperms and gymnosperms (Figure
2.4). Overall, L. theobromae is by far the organism with the largest number of known
hosts (666 of 749 host reported for the genus Lasiodiplodia), with the largest number
of isolates in GenBank (1944), the largest number of countries occurrence (97) and host-
fungus reports (365). For the remaining species it is possible to observe, even with different
research efforts in number of isolates or literature reports, that clearly some species have
the capability to colonize an higher number of hosts (e.g. N. parvum with 223 hosts in 50
countries and B. dothidea with 403 hosts in 66 countries) and few have been consistently
reported worldwide in a low number of hosts (e.g. D. sapinea was reported in 62 countries

but only in 102 hosts, of which 83 are gymnosperms, or D. seriata with 121 hosts in 46
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countries and Lasiodiplodia pseudotheobromae with 124 hosts in 44 countries).

However, a higher number of different hosts might be related only with the diversity of
species among different plant functional groups and not with versatility to colonize different
hosts from different plants groups. For example, the Pinopsida class also known as conifers
have only 615 living species and the Liliopsida (monocotyledons) or the Magnoliopsida
(dicotyledons) classes have an estimated 77267 and 246366 living species, respectively.
To analyse host jumps among different functional groups we created a circular graph
with shared hosts-fungus interactions where hosts were divided in different plants groups
(Figure 2.5). Not surprisingly, L. theobromae shows capability to colonize hosts in all plant
groups. However, L. pseudotheobromae and N. parvum with a considerably lower number
of known hosts present a similar pattern of shared hosts-fungus interactions suggesting
a clear capability to increase their host range in a similar way as L. theobromae. For
other fungi, it is possible to explore range expansions: N. mangiferae and L. iraniensis
have recently been described in several members of the Malvids group and occasionally
found in other groups. Diplodia sapinea consistently described in Pinales species and
D. corticola in Quercus species from the Fabids group but both are also starting to be
found in different plant groups. These types of analyses can be useful for institutions and
national authorities to guide their studies and to anticipate future hosts-jumps, especially
for highly pathogenic organisms. Notably few studies have proven host specialization
among different Botryosphaeriaceae species based on differences of pathogenicity-related

genes (e.g., B. dothidea versus Botryosphaeria kuwatsukai) (Wang et al., 2018).
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Figure 2.4: Host-fungus overview (I) Comparison of number of hosts by species within

genera, (II) number of isolates versus number of hosts, (III) number of countries vs number

of hosts, (IV) number of reports vs number of hosts and (V) number of known host

associations with angiosperms vs gymnosperms. Data was collected from GenBank and

literature review. Only host-fungus interactions identified to the species level were selected
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Figure 2.5: Shared hosts interactions worldwide based on GenBank and literature review.
Nodes represent hosts genera and are grouped by taxonomic similarity. G1: Pinales and
Ginkgoales, G2: Magnoliids, G3: Monocots, G4: Eudicots, G5: Superrosids and Rosids,
G6: Fabids, G7: Malvids, G8: Superasterids, G9: Asterids, G10: Campanulids, G11:
Lamiids. Lines represent host-fungus interactions, where background lines represent all
known interactions of the respective Botryos][ﬁlaeriaceae genus, blue lines represent known

interactions of the respective Botryosphaeriaceae species.
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2.7 How much do we know about pathogenicity and plant

mortality?

Uncovering the complexity of a host-pathogen interaction is not a stationary science
and depends on multiple variables from the environment and the interaction of both host-
pathogen genomes artillery (Gururani et al., 2012; Hossain et al., 2019). Host-pathogenic
interactions are similar to a chess game where for a specific outcome several actions are pos-
sible from each organism. Reproducibility of these interactions under controlled conditions
might not always be representative of what occurs in nature and common pathogenicity
trials do not fully expose pathogenic and resistance mechanisms (Manawasinghe et al.,
2016; Félix et al., 2017). Nonetheless, sequence and annotation of both genomes opens
the possibility for multi-omics analyses to provide a more complete overview of these
interactions (Westermann et al., 2016; Westermann et al., 2017).

Pathogenicity of Botryosphaeriaceae isolates leading to plant mortality has been
demonstrated under controlled conditions, mainly in seedlings, in well-watered conditions
or under drought stress (Linaldeddu et al., 2007; Pitt et al., 2013a; Batista et al., 2020).
However, plant mortality in nature is often a combination of multiple biotic and abi-
otic stresses. On one hand, abiotic factors like drought or heat stress can disrupt plant
physiological performance allowing the colonization of fungal pathogens and increasing
disease susceptibility. On the other hand, colonization by fungal pathogens can reduce
tolerance to biotic stress leading to higher mortality rates (Allen et al., 2010; Wang et al.,
2012; Caldeira, 2019; Hossain et al., 2019). The interaction effects of drought and fungal
pathogen infection on plant mortality are resumed in Figure 2.6.

Several factors can induce mortality: carbon starvation when non-structural carbohy-
drates resources are depleted affecting the normal plant maintenance, growth, and defence
mechanisms (Li et al., 2019); toxic effect of fungal metabolites and, hydraulic failure of
xylem water transport to the leaves due to embolism or phloem transport caused by an
impaired xylem water potential (Oliva et al., 2014). These factors can be directly or
indirectly induced by both biotic and abiotic stresses. For example, drought and heat
stress can induce stomata closure and simultaneously decrease carbon assimilation that
is essential to maintain plant defence metabolism and functional sapwood maintenance.
Pathogen infection can directly impact carbon assimilation by down-regulating genes in-
volved in photosynthetic activities or trigger carbon starvation by inducing tree defences
and/or by inhibiting the expression of genes involved in carbon metabolism and transport.
Also, when these pathogens colonize the plant vascular tissues and vascular necrosis occur
the whole-plant hydraulic conductance is reduced increasing the risk of hydraulic failure
(Oliva et al., 2014).

Genome and transcriptome analysis of some Botryosphaeriaceae species have shown a
higher number of pathogenicity-related genes associated to cell wall degradation, nutrient
uptake, secondary metabolism, and membrane transport functions, that are important for

woody plant infection, when compared with other fungus with different life-styles (Wang et
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al., 2018; Yan et al., 2018). Also, several authors have demonstrated that during infection
gene families related with carbohydrate catabolism, pectin, starch and sucrose metabolism,
and pentose and glucuronate interconversion pathways were induced (Massonnet et al.,
2018; Gongalves et al., 2019; Ali et al., 2020). Some of these genes’ families were even
induced by higher temperatures (Yan et al., 2018; Félix et al., 2019).

Furthermore, some species were proven to have the capability to exhibit cytotoxic-
ity against mammalian cell lines and again temperature was suggested to modulate the

expression of toxic compounds (Félix et al., 2016; Félix et al., 2019; Pour et al., 2020).
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Figure 2.6: Combined effects of drought and pathogen infection on plant functioning,
growth, and mortality. Adapted from (Oliva et al., 2014; Caldeira, 2019).
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2.8 Climate sensitivity, a hidden pattern?

Temperature growth studies suggest that in general Botryosphaeriaceae species present
minimal growth rates at 5 °C or over 35 °C and optimal growth rates around 15 — 25 °C un-
der controlled conditions (Phillips et al., 2013; Dissanayake et al., 2016). So far, no major
studies were performed to characterise the natural bioclimatic envelopes of Botryosphaeri-
aceae species. Based on the geographical coordinates obtained during this review we
analysed climatic variability of these records (Figure 2.7). In terms of annual mean tem-
perature, it is clear that B. dothidea, D. seriata and Do. iberica are often collected in
places with lower annual mean temperatures when compared with L. theobromae, M.
phaseolina, N. parvum, and Ne. dimidiatum. For annual precipitation, this pattern is not
so clear, with exception of L. theobromae, where the majority of records were collected
in places with more than 1000 mm of annual precipitation (typical of tropical regions).
Temperature and precipitation seasonality are calculated by using the standard deviation
of the mean monthly. Regions with larger standard deviation have greater temperature
and precipitation variability across the year. These metrics are important to understand
the tolerance range for species in the future. For example, a species that is often present in
tropical regions with tolerance to higher annual mean temperatures but without tolerance
to strong temperature seasonality, may have problems to expand the distribution range
in the future to a region with strong temperature variability across the year, even if the
mean temperature increases (e.g., can L. theobromae, often collected in tropical regions,
expand its range to Mediterranean and temperate regions with climate change?)

These results are consistent with our ecoregions analysis suggesting that probably the
known host-fungus interactions and species distribution is strongly dependent on climate.
We encourage authors to provide precise coordinates for occurrence data to improve the

understanding of Botryosphaeriaceae species distribution.
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2.9 Global dispersion - How far can they go? - Framing
ecological niche requirements for potential species dis-

tributions areas

As mentioned before, Botryosphaeriaceae species produce spores that are naturally
dispersed through wind, rain, insects among other vectors. However, human induced ac-
tivities are responsible for the majority of long-distance dispersion (Slippers and Wingfield,
2007; Slippers et al., 2017). Taking in account the large number of potential hosts and
the large quantity of plant material moving worldwide every day, it is virtually impossible
to verify and detect efficiently latent pathogens living endophytically in symptomatic or
asymptomatic material (Burgess et al., 2016; Crous et al., 2016; Slippers et al., 2017).
Thus, understanding the ecological niche requirements for potential species distributions
areas might be a better solution to predict and prevent future outbreaks (Bosso et al.,
2017).

We propose an adaptation of the classical BAM diagram (Figure 2.8 I) to explain the
influence of environmental conditions, biotic interactions, and dispersal in shaping species
geographic distribution (Pulliam, 2000; Soberén and Peterson, 2005; Peterson et al., 2011).
Following the classical BAM diagram, B represents the geographic regions where the in-
teraction factors with other species are favourable for species occurrence, A represents
the geographical regions where the climatic conditions are favourable to maintain a viable
long-term population and M correspond to the geographical region accessible to the species
dispersion. However, for endophytes and latent pathogens this perspective does not fully
represent the ecological dynamics of these organisms. We assume that: (1) Endophytic la-
tent pathogens are mainly dispersed by human activities like movement and trade, (2) The
introduction of a species in a new environment is likely to occur as human movement /trade
exist and is favoured by lack of preventive and quarantine measures, therefore M is virtu-
ally unlimited (3), The establishment of these species is affected by climate. Nonetheless,
unfavourable conditions might hide the presence of those species in asymptomatic hosts
or by resistance structures. Seasonal effects might expand or decrease the growth of these
organisms invalidating viable long term populations, (4) Optimal conditions for disease ex-
pression are mainly occasional climatic events that can affect the susceptibility of the host
(i.e. Reduction of precipitation or/and temperature increments causing drought or heat
stress to the host (Ragazzi et al., 1999; Allen et al., 2010; Barradas et al., 2018)) or/and
trigger the pathogenic behaviour of these organisms (i.e. variations in temperature, light
intensity or atmospheric ozone inducing phytopathogenic mechanisms (Eastburn et al.,
2011; Herrera-Estrella and Horwitz, 2007; Félix et al., 2016; Félix et al., 2019; Pour et al.,
2020)), (5) Only when host-specificity is demonstrated, whether for a fungal species with
limited ability to colonize and persist endophytically in certain hosts or/and for species
with limited ability to infect and express disease symptoms in a certain type of hosts, is

assumed that biotic interactions (B) can shape the geographical distribution (Figure 2.8
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II).
As a result, for non-specific endophytes and latent pathogens, like many of the
Botryosphaeriaceae species, assuming an imperfect quarantine system worldwide, climate

is the main variable to constrain the geographical distribution of these organisms.

I

II

Figure 2.8: T) Representation of the classical BAM diagram adapted from (Peterson et al.,
2011). (II) Variation of the BAM diagram to represent endophytes and latent pathogens
like Botryosphaeriaceae species. Three factors are suggested to define species geographic
distribution biotic (B), abiotic (A), and movement (M). By interactions among these
factors four areas can be defined: G the geographic space within which analyses are
developed, Ga the abiotically suitable area, GO the occupied distributional area, and G1
the invadable distributional area. Black solid circles indicate species occurrence, red solid
circles occurrence in symptomatic hosts and green solid circles occurrence in asymptomatic

hosts and open circles indicate absences.
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2.10 How good are we at reporting new occurrences and

host-fungus associations?

Despite the increase of new Botryosphaeriaceae-related studies worldwide, there is still
a lack of standard databases that are consistently curated and maintained through time.
The failure of efficiently report new occurrences and host-fungus associations increases the
gap between science and society and dilutes the scientific effort to improve preventive and
quarantine policy measures. Information regarding this fungal family is often reported
in indexed scientific journals and should be followed by public sequence data that allow
the scientific community to validate and confirm the taxonomic identification of these
organisms. If information only present in literature might be outdated and difficult to
verify, information only presented in GenBank or similar databases is also susceptible to
be lost without a proper report. Ideally, a report of a new occurrence or a new host-fungus
interaction should be documented in literature and supported with public genomic data.
These data should be well-organized in public databases to allow national institutions like
customs or agricultural/forestry authorities to be prepared for possible new threats.

In figure 2.9 we compared country occurrences and host-fungus interactions by country
that are reported only in literature, in both literature and GenBank and only reported
in GenBank. We also classified countries with the percentage of information that is not
properly reported. We found that only 53.69% of the species occurrence by country is
reported in both datasets and if we take in consideration host-fungus interactions by
country only 23.07% of the current knowledge is well reported. Records prior to the
massification of the DNA-based methodologies (older than the year 2000) are often poorly
reported but there is also a large number of recent studies that fail to provide consistent

information of host and location even when public genomic data is available.

2.11 Conclusions and future perspectives

Our database represents a single effort to clean and organize all Botryosphaeriaceae-
related occurrences. This database will be continuously maintained and researchers work-
ing with these organisms are welcome to submit or update their information. Major up-
dates on the source information are expected to happen every January and new features
may be added over time as a result of users’ feedback.

With the insights of a worldwide cured dataset, we verify a consistent growing interest
of these plant-pathogenic fungi when taking in account the number of public records,
publications, and the citation history of papers over the years (Slippers et al., 2017).
However, we demonstrate that 80% of all isolates with public sequence data is concentrated
only in 11 countries, leading to a huge knowledge gap on Botryosphaeriaceae occurrence
and diversity worldwide. Also, even the countries with a higher sampling effort are still
far away from reaching a plateau on species diversity versus sampling effort, suggesting

a high number of undescribed species. The problematic of estimating species numbers is
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Figure 2.9: Worldwide percentage of missing information in both literature and GenBank

datasets by country for occurrence and host-fungus interactions.

a common issue to other fungal families (Hyde et al., 2020) raising the concern to fully
understand the limit of a species boundary and to proper identify cryptic species on species
complex as well the recognition of the hybridization phenomenon (Sakalidis et al., 2013;
Cruywagen et al., 2017; Rodriguez-Gélvez et al., 2017).

In terms of ecology, we reflect about the climate influence on the distribution and
dispersion of these organisms for the first time. Despite the worldwide distribution among
all continents, with exception for Antarctica, was possible to observe a climatic prefer-
ence for some species (e.g., D. corticola, Do. sarmentorum or N. australe by temperate
and mediterranean regions) and other species with a wider tolerance from temperate to
tropical regions (e.g., B. dothidea, N. parvum or M. phaseolina). In terms of dispersion,
we propose a new framework to define the ecological niche requirements for most fun-
gal latent endophytes. This framework is essential to improve our understanding of the
current species distributions areas and to forecast future disease outbreaks (Bosso et al.,
2017). We assume that human movement and trade are the main dispersion routes of
these organisms, being climate variability, the major constrain for the occurrence of new
stable populations. Also, we highlight that disease expression is mainly due to occasional
climatic events that can affect the susceptibility of the host. Raising the importance to
sample asymptomatic hosts for an early detection of new species occurrence (e.g., Diplo-
dia insularis was reported for the first time in Portugal in an asymptomatic host (Batista
et al., 2020)).

To finalize, we evaluate the consistency of known species occurrence and host associa-

tions reports in both indexed scientific journals and public sequence databases. We demon-
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strate the incapability of our society to efficiently use and aggregate data of these emergent
plant-pathogens. More than ever, we consider that consistent and open plant pathology
databases are fundamental to address the challenge of Botryosphaeriaceae-related diseases

in a changing world.
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CHAPTER 3. HOW GOOD ARE WE AT DESCRIBING A NEW FUNGAL SPECIES? A
CASE STUDY BASED ON THE FAMILY BOTRYOSPHAERIACEAE

3.1 Abstract

Best practices for describing a new fungal species is a topic often discussed by several
authors. However, to our knowledge, no studies have evaluated the quality of standards
used for publication of new taxa. We selected a list of 210 representatives of the fam-
ily Botryosphaeriaceae, and their descriptions were evaluated and scored according to a
set of questions divided in five major topics: morphological characterization; molecular
characterization; phylogenetic analysis; host-fungus interactions and information accessi-
bility. Based on our definition of best available practices, we found that over 90% of the
descriptions are followed by a detailed morphological characterization and with consistent
phylogenetic analyses, for molecular characterization and host-fungus interactions 60% of
the descriptions are outdated or only meet the minimal requirements for publication, and
50% of the authors do not provide enough accessible and reproducible information. We
verified that there is still room for improvement and the lack of formal standards over time
do not follow a steady progress. Establishing well-defined best practices for new fungal
species descriptions is crucial to ensure reproducibility, transparency, and consistency over
time. Our goal is to raise awareness on what should be the minimal quality standards to

describe a new fungal species within the Botryosphaeriaceae family.
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3.2 Introduction

Fungi are the second most species-rich group of organisms after insects and cataloguing
all this diversity before extinction is one of the biggest challenges for fungal taxonomists
(Purvis and Hector, 2000). Over time, The International Commission on the Taxonomy
of Fungi (ICTF) has provided publication requirements and best practices for describing a
new fungal species (Sigler and Hawksworth, 1987; Seifert and Rossman, 2010; Aime et al.,
2021). These guidelines are essential for standardizing new taxon descriptions. However,
the quality of these descriptions and the definition of minimal criteria for publication are
often not well-defined and might vary among different fungal groups. Taxonomists working
with fungi from different phyla have selected different criteria to describe a new species,
making comparisons between groups difficult (Xu, 2020).

In plant pathology, fungal taxonomists are essential to define the language of commu-
nication about different organisms among scientists and society in general (Hibbett and
Taylor, 2013). More than ever, to address the challenges of fungal diseases in plants in a
changing world, an efficient communication is needed. In a recent study, we demonstrated
that for Botryosphaeriaceae members only 23% of the known host—fungus interactions
by country are reported simultaneously in peer review articles and with DNA sequences
deposited in public databases like GenBank (Batista et al., 2021).

Currently, the golden standard for fungal species delimitation is the genealogical con-
cordance approach whereas concordance between multiple unlinked loci is used to assess
species boundaries (Taylor et al., 2000). The concept of fungal species delimitation is often
reviewed and discussed (Steenkamp et al., 2018; Matute and Septlveda, 2019; Xu, 2020;
Chethana et al., 2021; Jayawardena et al., 2021; Maharachchikumbura et al., 2021; Man-
awasinghe et al., 2021). Fungal species boundaries can be misled by different factors such
as hybridization phenomena(Cruywagen et al., 2017), cryptic speciation and intra-specific
variation (Alves et al., 2008; Pavlic et al., 2009; Bihon et al., 2012; Lopes et al., 2018)
or convergent evolution (Shang et al., 2016) which often lead to incongruencies within
species (Taylor et al., 2000). Also, confusion and conflicts with outdated scientific names
perpetuate poor fungal identification (Crous et al., 2015; Dayarathne, 2016).

As mentioned before, ICTF has defined several recommendations and requirements to
standardize fungal descriptions. However, no formal quality standards have been defined
for publication of new taxa and relevant information regarding morphological, molecular,
and phylogenetic analyses or metadata information such as geographic distribution and
hosts interactions are often not properly provided (Wu et al., 2019; Durkin et al., 2020).For
example, the publication of DNA barcode sequences in a public repository is recommended
but recommendations for minimal criteria to assess the quality of these sequences are
lacking, allowing authors to describe new species based in DNA sequences with ambiguous
nucleotide identification or with regions that were only partially sequenced.

Therefore, we decided to assess the consistency and quality over time of species descrip-

tions in Botryosphaeriaceae, a family that is well known to contain several endophytic and
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latent plant pathogens affecting agricultural crops as well as ornamental and forest hosts
with a worldwide distribution (Batista et al., 2021; Marsberg et al., 2017; Slippers and
Wingfield, 2007). The taxonomy of this family is often revisited and updated according to
the newest molecular evidence that helps to clarify the phylogenetic relationships of these
species.

However, the quality of the information behind each species descriptions by itself, to
our knowledge, has never been assessed (Crous et al., 2006; Pavlic et al., 2009; Phillips
et al., 2008; Phillips et al., 2013; Dissanayake et al., 2016; Zhang et al., 2021). In a recent
study (Zhang et al., 2021) 58 species, most of which from the family Botryosphaeriaceae,
were reduced to synomymy. It is noteworthy that the vast majority of those species had
been described quite recently (last 10 years), which could be an indication that standards
for publication of novel species are not as high as they should be.

Best practices should be general, easily available for most of the research groups and
should provide consistent information to allow accessibility to the ex-type culture and
transparency and reproducibility to the supplementary information behind each new fungal
report, such as culture techniques, DNA extraction and amplification protocols, isolation
source and location, etc.

Our main goal is to raise awareness among authors, editors, and reviewers about
what should be the minimal required information to describe a new fungal species within
the Botryosphaeriaceae family, to ensure reproducibility, transparency, and consistency in

future taxonomic, phylogenetic and plant pathology studies.

3.3 Material and methods

3.3.1 Data extraction

An initial query was performed on MycoBank! for species belonging to the genera
Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia and Neofusicoccum as representatives
of the Botryosphaeriaceae family (Figure 3.1). We selected all species described until
the end of 2020. A list of 210 species was compiled (Supplementary data Table A), and a
literature review was conducted to analyse the publication behind each species description.
In the case of species that were described before 2013, besides the original publication of
each description, our evaluation also considered the information collected by (Phillips et
al., 2013), to standardize and allow a better comparison with species that were described

before the widespread use of DNA-based techniques.

! https:/ /www.mycobank.org/
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Figure 3.1: Typical asexual micromorphological characteristics of the genera Lasiodiplodia
(a-b: immature hyaline and mature brown, 1-septate and striated conidia; c: conidio-
genous layer with paraphyses), Diplodia (d: conidiogenous layer e-f: hyaline and brown
coloured aseptate conidia. In some cases, conidia become l-septate with aging), Doth-
iorella (g-h: brown coloured 1l-septate conidia. Occasionally 2-septate conidia may be
found; i: conidiogenous layer with coloured an septate conidia still attached to conid-
iogenous cells), Botryosphaeria (j: conidiogenous layer; k: typical fusiform, hyaline and
aseptate conidia; 1: although infrequently, some isolates produced coloured and septate
conidia, and Neofusicoccum (m: conidiogengéls layer; n-o: hyaline and aseptate conidia).

Scale bar: 10 pm
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3.3.2 Evaluation criteria and classification levels

Each species description was analysed and scored according to five major criteria: mor-
phological characterization, molecular characterization, phylogenetic analysis, host-fungus
interactions, and information accessibility. To evaluate the quality of each description, a
set of 27 questions were prepared. For a consistent analysis, questions were constructed
to allow only a binary response (Yes or No) and a list of minimal accepted criteria by
question were defined (Table 3.1).

Subsequently, four different classification levels were defined with different require-
ments to evaluate the authors performance on each major criterium: level 1 - out-
dated /unacceptable practices corresponding to practices that no longer should be accepted
by reviewers and editors; level 2 - minimum currently acceptable practices that should be
required by reviewers and editors as essential information to describe a new fungal species;
level 3 - best available practices that resemble the current cutting-edge approaches by pro-
viding consistent and transparent information; and level 4 - excellent and target future
practices, that is defined by the ideal methods and should guide future developments to
achieve an excellent level of fungal species descriptions (Table 3.2). These levels were
defined taking into consideration our own perspective of the current practices to describe
a new fungal species and we encourage the scientific community to discuss and improve

the proposed standards levels.

33



29

Table 3.1: Set of questions used to evaluate each species description.

Topic Sub-topic Question Criteria
Morphological Characterization of . o
T 1 Authors provide a characterization of cultures
characterization cultures
Micromorphological 5 Authors provide a micromorphological characterization - spores
characterization (e.g., size, colour, shape)
) ) Authors provide a micromorphological characterization -
Micromorphological . . o
L 3 sporogenesis (e.g., ascostromata, asci, conidiomata,
characterization o
conidiogenous cells)
) Growth studies are performed with different temperature
Growth studies 4 .
conditions
Sporulation 5 Growth media and optimal conditions to induce sporulation are
conditions provided
DNA extraction, . . .
Molecular i ) Protocols for DNA extraction, PCR amplification and
o PCR amplification, 6 ] )
characterization ) sequencing are provided
and sequencing
) ITS region is fully sequenced (e.g., recommend primers ITS1 (or
ITS region 7 o
ITS5) and ITS4 or similar)
. TEF1 - « region sequenced (e.g., minimal recommend primers
TEF1 - «a region 8 ..
EF-728F and EF-986R or similar)
) Species described using other sequenced regions (e.g., LSU,
Other genes/regions 9

MAT Region

TUB2, RPB2)
10 Species described with MAT genes
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Table 3.1 continued from previous page

Sequence is provided without dubious nucleotide identification or

Quality of sequence 11 ] ) o )
regions are fully sequenced using the minimal set of primers
) ) o Authors perform individual gene trees with all described species
Phylogenetic Single locus initial ) .
) 12 to select representatives and genealogical congruence between
analysis tree . o )
different loci is verified
) ) Authors perform multi-locus analysis with the selected
Multi-locus analysis 13 .
representatives
Phylogenetic 14 Authors perform more than one phylogenetic inference method
methods (i.e., ML, MP, Bayesian) and evaluate congruence
. . Authors perform a morphological comparative analysis with the
Relative comparison 15 )
closest species
) . Authors perform a molecular comparative analysis with the
Relative comparison 16 .
closest species
Host-fungus o . .
) ] Host description 17 Authors identify the host (genus level at least)
interactions
Ecology 18 Authors suggest a type of ecology (e.g., pathogen, saprophyte)
Pathogenicity trials 19 Authors perform pathogenicity trials
Pathogenicity trials 20 Authors perform pathogenicity trials on the host under one
with stress stress conditions (e.g., drought)
Accessible . .
. . Sequences 21 Sequences are publicly available (e.g., GenBank)
information
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Table 3.1 continued from previous page

type strain deposit

type strain

accessibility

Location

Location Lat - long

Number of strains

Phylogenetic

analysis

22

23

24

25

26

27

type strain is deposited in at least one international culture

collection

type strain is deposited in at least two international
(inter-continental) culture collections
Authors provide geographical information (e.g., name of the
city /region)
Authors provide geographical information (e.g., lat-long

coordinates)

Authors support a new description with more than one strain

collected independently (i.e., different hosts or locations)

Authors provide raw data for phylogenetic analysis (e.g.,
TreeBase)
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Table 3.2: Level of description by topic used to characterize the quality of new species reports.

Topic Level Description
Morphological 1-Outdated /unacceptable . . . . . o
. . Species described without a micromorphological characterization
characterization practices
2-Minimum currently ) . . L
. Species described with only cultures and spore’s characterization
acceptable practices
Species described with a full characterization of cultures and
3-Best available practices micromorphological characteristics (spores and sporogenesis
structures)
Species described with a full characterization of cultures and
4-Excellent and target future ) ) o )
y micromorphological characteristics with temperature growth
ractices
P studies and well-defined sporulation conditions
Molecular 1-Outdated /unacceptable Species described without molecular characterization or with
characterization practices only one sequenced region

2-Minimum currently

acceptable practices

3-Best available practices

4-Excellent and target future

practices

Protocols for DNA extraction, PCR amplification and sequencing

are fully provided. Used regions/genes are partially sequenced

Protocols for DNA extraction, PCR amplification and
sequencing are fully provided. ITS or TEFI - « are fully

sequenced without any dubious nucleotide identification

Protocols for DNA extraction, PCR amplification and sequencing
are fully provided. Sequenced regions (ITS or TEFI - «) are

fully sequenced without any dubious nucleotide identification

HVHOVIHHVHdSOAYLOY ATINVA HHL NO ddSvd AdNLS HSVO
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8¢

Phylogenetic

analysis

Host-fungus

interactions

Accessible

information

Table 3.2 continued from previous page

1-Outdated /unacceptable

practices

2-Minimum currently

acceptable practices

3-Best available practices

4-Excellent and target future

practices

1-Outdated /unacceptable

practices

2-Minimum currently

acceptable practices
3-Best available practices

4-Excellent and target future

practices

1-Outdated /unacceptable

practices

Species described without a multi-locus phylogenetic analysis

with the selected representatives.

Species described with molecular characterization with at least
two sequenced regions (ITS + TEF! - «) Or initial phylogenetic
analyses to select species representatives is not performed
Species described with at least two sequenced regions
(ITS+TEF! - o) and more than one phylogenetic inference
method. Initial phylogenetic analyses are performed to select

species representatives.

Species described with more than two sequenced regions by more
than one phylogenetic inference method and initial phylogenetic

analyses are performed to select species representatives

Host is not described

The host is well described

Host is well described, and pathogenicity trials are performed

under optimal conditions

Host is well described, and pathogenicity trials are performed

under optimal and at least one stress condition

Sequences are not fully available on a public database and/or

type strain is not deposited in one international culture collection
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Table 3.2 continued from previous page

2-Minimum currently

acceptable practices

3-Best available practices

4-FExcellent and target future

practices

Sequences are fully available in a public database and type strain
is deposited in at least one international culture collection.
Description is based on more than one strain. Geographical

information is provided (e.g., name of the city/region) and raw
data for phylogenetic analysis is available in a public database

(e.g., TreeBase)

Sequences are fully available in a public database and Type
strain is deposited in at least one international culture collection.
Description is based in more than one strain. Geographical
coordinates are provided and raw data for phylogenetic analysis

is available in a public database (e.g., TreeBase)

Sequences are fully available in a public database and Type
strain is deposited in at least two international culture collection.
Description is based in more than one strain. Geographical
coordinates are provided and raw data for phylogenetic analysis

is available in a public database (e.g., TreeBase)
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3.4 Results

Morphological characterization has been the essence of species descriptions since the
beginning of fungal taxonomy. A detailed characterization of cultures and micromorpho-
logical elements such as spores or sporogenesis structures allows an initial verification
process even before performing any DNA-based technique. Our evaluation analysis found
that most of Botryosphaeriaceae descriptions are followed by a detailed morphological
characterization (Q1, Q2 and Q3 in 3.2). In the future, even with a better molecular
characterization, we should not underestimate or forget about the importance of a good
morphological profile. Information regarding optimal conditions for growing and sporula-
tion (Q4 and Q5) are often not reported in publications and might prevent the ability of
different research groups to grow a species or to induce sporulation easily.

Molecular characterization is nowadays the main support for new species descriptions
and therefore it is important that authors guarantee consistency and transparency of their
work. In general, protocols for DNA extraction, PCR amplification and sequencing are
fully provided (Q6) and most of the Botryosphaeriaceae species are described using the
ITS and TEF1 - a regions (Q7 and Q8). However, there is still no consensus in this family
about which DNA regions should be considered essential for a new species description by
genera (Q9). Moreover, despite several authors (Bihon et al., 2014; Crous et al., 2017,
Lopes et al., 2017; Lopes et al., 2018) recognising the importance of the mating type
(MAT) genes as an excellent phylogenetic marker, these genes have not been used yet to
support any new description (Q10). Also, we found that 46% of the new species reports
were done using sequences containing ambiguous nucleotide identification or regions that
were only partially sequenced according to the minimal set of primers recommend for each
region (Q11).

Phylogenetic analyses are important to compare information for genes, individuals,
populations, or different species. The incorrect use of these tools might overvalue biolog-
ical variations leading to an unjustified number of new species descriptions. We verified
that 31% of the authors do not justify how representative species are selected or evaluate
the genealogical congruence between different loci when performing multi-locus phyloge-
netic analyses (Q12). Overall, the use of multi-locus analyses with different phylogenetic
inference methods is already a common practice among the studied species (Q13 and Q14).
When describing new species, authors consistently do morphological comparisons with the
closest relatives (Q15) although 70% failed to compare and specify molecular differences
among the different sequenced regions (Q16).

In the case of fungal species often isolated from a plant host, it is important to mention
the source and to provide some initial information about the host-fungus interaction.
In that sense, we verify that authors consistently mention the host when describing a
new species (Q17) but less than 50% suggested an ecological lifestyle (Q18). The use of
pathogenicity assays to support a new fungal description was performed only in 28% of the

cases under controlled conditions and so far, were never performed under stress conditions
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(Q19 and Q20).

Accessibility to support information and type cultures is fundamental for the scientific
community to verify the quality of each new fungal description. All the studied species were
followed by public sequence data often deposited in GenBank database (Q21) and in 97%
of the cases species were deposited in at least one international culture collection (Q22). To
improve accessibility and security of type strains, we encourage authors to deposit cultures
in at least two different culture collections preferably in different countries. We found out
that only 20% of type species follow this practice (Q23). Information regarding the source
location is often provided in a general way (e.g., name of the sampling region) (Q24)
and only 20% of the authors provide precise geographic coordinates (Q25). A worldwide
curated dataset of precise occurrence data can allow a wide variety of studies (e.g., species
distribution models, risk analyses and others). In (Q26) we found that only 45% of the

authors supported a new description with more than one isolate collected independently.
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Figure 3.2: Evaluation of positive and negative results by question. A total of 210 new

fungal descriptions of the Botryosphaeriaceae family were scored. Questions and answer
criteria are defined in Table 3.1 and 3.2.
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Describing a new fungal species should be the result of a consistent observation of a
specimen with distinct morphological and molecular characteristics when compared with
known similar species. For that reason, species descriptions based on a single isolate should
be avoided. Finally, we found that 75% of the authors already provided the raw data used
for phylogenetic analysis through databases such as TreeBase (Q27).

Based on the previous questions we scored each genus according to the different topics
evaluated (Figure 3.3). We concluded that on average when describing new species of
Botryosphaeriaceae, 90% of the authors had a satisfactory performance, according to our
best available practices’ standards, in the morphological characterization and phylogenetic
analysis. However, in the remaining evaluated topics, we are still performing according to
the minimum currently accepted practices, for molecular characterization and host-fungus
interactions 60% of the descriptions are outdated or only meet the minimal requirements
for publication and 50% of the authors do not provide enough accessible and reproducible
information, leaving a lot of room for improvement (Table 3.3). It was also evident that
species in some genera have been described with lower scores than the average in certain
topics, specifically Botryosphaeria spp. in host-fungus interactions; Diplodia spp. in mor-
phological characterization; Dothiorella spp. in molecular characterization, host-fungus
interactions, and information accessibility; and Lasiodiplodia spp. in information acces-
sibility. Only the Neofusicoccum spp. descriptions performed in line with or above the

family average in all the analysed topics.

43



CHAPTER 3. HOW GOOD ARE WE AT DESCRIBING A NEW FUNGAL SPECIES? A
CASE STUDY BASED ON THE FAMILY BOTRYOSPHAERIACEAE

(G1) Morphological
characterization

4

(G5) Accessible
information

(G2) Molecular
characterization

Legend

Outdated/unacceptable practices
Minimum currently acceptable practices
Best available practices

AW N -

Excellent and target future practices ---- /Average

- Botryosphaeria

(G4) Host-fungus (G3) Phylogenetic
interactions analysis

----- Average
——— Diplodia
G4

----- Average
——— Dothiorella

G4

G5

Average
Lasiodiplodia
G4

----- Average
~——— Neofusicoccum

Figure 3.3: Comparison of species descriptions performance by genus with the family
average.
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As previously mentioned, species descriptions done before 2013 were complemented
with information collected by (Phillips et al., 2013) to allow a fair comparison with species
described in the last decade. When we compared the improvement of quality by year
(Figure 3.4) the morphological characterization criteria were constant over time in line with
the best recommended practices. In the case of molecular characterization, phylogenetic
analysis, and host-fungus interactions, the progress was irregular and always behind the
level of best available practices but never below the minimum current practices. In the
information accessibility group, we verified that most authors performed only slightly
better than the minimum recommended practices and, in some years, even the quality
of these criteria fell to the level of outdated and unacceptable practices. This analysis
reinforces the need to define minimum criteria for publication to guarantee at least a
constant progress over time. Therefore, we encourage authors, reviewers, and editors to

discuss and suggest standard requirements for new fungal descriptions.
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Figure 3.4: Temporal variation of species descriptions performance among the different

evaluated groups. Classification levels were defined as 1-Outdated /unacceptable practices,
2-Minimum currently acceptable practices (represented in red), 3-Best available practices

(represented in blue) and 4-Excellent and target future practices.
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Table 3.3: Number of species descriptions scored in each level. Level 1 - out-
dated /unacceptable practices; level 2 - minimum currently acceptable; level 3 - best avail-

able practices; and level 4 - excellent and target future practices.

Levels
1 2 3 4
Morphological characterization 4 20 79 107

Molecular characterization 16 134 60 -
Phylogenetic analysis 15 68 92 35
Host-fungus interactions 6 147 57 -
Accessible information 114 17 76 3

3.5 Discussion

Botryosphaeriaceae species are often isolated from symptomatic material. However,
authors are encouraged to increase their sampling effort and consider collecting also asymp-
tomatic material due to the latent endophytic lifestyle often common in this family (Slip-
pers and Wingfield, 2007). The DNA regions most widely used to describe/identify a
species in Botryosphaeriaceae are the ITS and TEFI - « followed by the TUB2 gene
(Phillips et al., 2013). The ITS region has the highest number of sequences deposited in
the GenBank. However, many of them are only partial sequences which can be restrictive
for phylogenetic analyses and lead to erroneous description of novel species. (Linaldeddu
et al., 2016) clearly showed that the species Diplodia guayanensis (a synonym of Diplodia
scrobiculata) and Diplodia galiicola (a synonym of D. seriata) were described based on
shorter sequences and that contained sequencing errors. Also, (Berraf-Tebbal et al., 2020)
proved that Lasiodiplodia vitis was introduced as a novel species, distinct from Lasiodiplo-
dia mediterranea based on sequences containing errors. Of the two nucleotide differences
in the TEF1 - « sequence distinguishing both species one was not real (sequencing error
or lack of proper sequence edition) and the other was an artefact introduced by the se-
quence of primer EF-986R. To avoid this type of problem, we recommend the use for each
region of the primer sets that allow to get the longest possible sequence. These primers are
listed in Table 4. In the case of the genera Neofusicoccum and Diplodia, the MAT genes
could also be amplified. Previous studies proved that these genes are better phylogenetic
markers than the conventional ones, with a powerful capacity to identify and delimit even
complexes of cryptic species (Lopes et al., 2017; Lopes et al., 2018). For this reason, we
strongly suggest using these genes in the future for Diplodia and Neofusicoccum species
descriptions.

Describing the complexity of a host-fungus interaction is not easy and depends on
multiple variables from the environment and the interaction of both host-fungus genomes.
An initial pathogenicity trial under controlled or stress conditions can provide important

data to guide further studies, specially, in the case of latent fungal-related plant diseases.
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Although we recognize that pathogenicity assays can be viewed only as an optional require-
ment to describe a new species, we consider that they can provide relevant information
regarding the ecology and pathogenicity of a new species and can help to flag new emer-
gent pathogens (Bhunjun et al., 2021). Due to the economic and ecological relevance of
Botryosphaeriaceae diseases, often associated to environmental stresses like drought and
heat, we consider that initial pathogenic trials with well-watered and stress conditions can
be important to be linked to the species description to improve communication. However,
pathogenicity assays should be interpreted carefully. The timing of fungal inoculation
when combined with different biotic stress (e.g., drought or heat stress) might affect the
host in different ways and results should be interpreted wisely (Caldeira, 2019). Dif-
ferent pathogenicity assays make comparisons across studies difficult or even impossible,
and standardized protocols must be defined for a better assessment of the pathogenicity
potential among different host-fungus interactions.

Additionally, authors should not define levels of isolate aggressiveness exclusively based
on the length of internal wood necrosis without taking into consideration the plant phys-
iological and biochemical response, the variety of fungal pathogenesis mechanisms, the
timing of the infection and the environment effect on the host-pathogen interaction (Man-
awasinghe et al., 2016; Félix et al., 2017; Batista et al., 2021). Host-jump analyses should
be taken more often into consideration. Testing emergent plant pathogens in relevant
plant hosts can help to explore future expansion patterns for new host-jumps and guide
further studies (Batista et al., 2020). Selection of hosts for host-jump analyses should
consider economically relevant plant species and species co-occurring in the same areas
of current host(s). Also, species distribution models based in different climate change
scenarios can help to identify potential emergent fungal diseases in new areas and guide
host-jumps analyses in new important hosts.

To help improve future studies with Botryosphaeriaceae-related species, we propose a
list of guidelines to improve taxonomic experiments based on the main protocols being used
in our research group. It is not our intention to compare different protocols and we consider
that authors applying different methods might achieve equal or better results. Therefore,
this is just a proposal of a feasible and tested working solution for Botryosphaeriaceae
species.

With this review we aimed to raise awareness on what should be the minimal criteria
to publish a new fungal species besides the ones already defined by the International
Code of Nomenclature for algae, fungi, and plants (Turland et al., 2018). Moreover, we
intended to understand which practices are often used and the ones frequently ignored by
authors, when describing a new fungal species. Based on the family Botryosphaeriaceae, we
verified that according to our best available practices authors had an adequate performance
in the topics of morphological characterization and phylogenetic analysis. However, in
molecular characterization, host-fungus interactions, and information accessibility, we are
still performing according to the minimum currently accepted practices, leaving a lot of

room for improvement. We also verified that the temporal variation of species descriptions
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doesn’t have a progressive performance and the lack of well-defined standards do not follow
a constant progress. To help future descriptions, a new feature was added to the MDRBOT
database? with the type sequences of species in this family and a survey to score putative
new descriptions before submission. We hope to encourage authors, reviewers, and editors
of peer-reviewed journals to reflect and discuss about these fungal description criteria
and above all that authors follow them so that publication standards of new species are

improved accordingly.

3.6 (Guidelines to describe a new Botryosphaeriaceae

species:
3.6.1 Species isolation

In general, members of Botryosphaeriaceae are isolated from woody plant material
but they can be found also on leaves and fruits, as well as on soil and water samples.
Symptomatic plants usually have one or several of the following symptoms: cankers, blight
of shoots and seedlings and dieback. In the laboratory, wood material should be sterilised
to remove any superficial fungal or bacterial contamination by placing the sample in 5
% sodium hypochlorite, followed by 96 % ethanol and sterile water for one min each.
Isolations can be made by directly plating out small wood pieces of 510 mm on PDA
(potato dextrose agar). Plates should be incubated at 20-25 °C and regularly checked for
fungal growth. Sub-cultures can be established by subculturing hyphal tips every time
that different mycelial observations are made during the initial seven days of growth. If
possible single spore isolation should be done to obtain a final pure culture. Whenever
fungal structures (ascomata or conidiomata) are found in the host single spore isolation
should be attempted.

3.6.2 Morphological characterization [Q1 — Q5]
3.6.3 Macromorphological characterization:

Colony characteristics (color front and reverse) and pigment production should be
recorded from cultures grown on full-strength PDA at room temperature (approximated
20-25 °C) and exposed to indirect sunlight. Growth at different temperatures should be
determined on full-strength PDA at 5-degree intervals between 5 °C and 35 °C. Although
not particularly relevant characteristics to discriminate species these macromorphological

features should be an integral part of a species description.

3.6.4 Micromorphological characterization:

In general, isolates can be induced to sporulate by inoculation on %4 strength PDA

or WA (Water agar containing sterilised plant material e.g., pine needles, fennel stems,

2 https://mdr-bot-cesam-ua.shinyapps.io/bot_ database/
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poplar twigs, oak twigs). Plates should be incubated at temperatures between 20 — 25
°C (room temperature) for 1-4 weeks under diffused daylight. When pycnidia are formed
these should be mounted in a 100% lactic acid preparation or similar and observed with the
support of a light microscope preferably equipped with differential interference contrast.
Micromorphological characteristics of the conidia which include shape, size (length and
width), colour, and septation septation) should be recorded. Also, mode of conidiogenesis
and characteristics of conidiophores and conidiogenous cells should be registered. For a
morphological reference of the main Botryosphaeriaceae species consult (Phillips et al.,
2013).

Micromorphological structures and cultures should be described with graphic element,
photographs (preferably) or drawings, to facilitate each new description and allow visual
comparisons with other species. As good examples we highlight the graphic element
provided by (Alves et al., 2004) and (Linaldeddu et al., 2013). Several others can be
found in (Phillips et al., 2013).

3.6.5 Molecular characterization [Q6 — Q11]

Several protocols and commercial kits are available to perform fungal DNA extraction
with high quality for sequencing. Cost and extraction times vary according to the method.
In our laboratory we use an adaptation of the (Méller et al., 1992) protocol, which works
well for all species tested to date.

For PCR amplification we indicate a list of the best primer sets for the most used
loci (ITS, TEF1 - o and TUB2) and for each genus. The primer sets and PCR, settings
are only a reference to start with. Depending on the genus you are working with, some
adjustments may be needed. (Table 3.4 and 3.5).

The set of primers used, and PCR amplification conditions must be clearly described
so that these can be easily replicated. Amplicons should be sequenced in both strands.
The nucleotide sequences need to be checked manually, and nucleotide arrangements at

ambiguous positions clarified using both primer direction sequences.
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Table 3.4: List of primers and respective PCR. settings to get the largest sequences of ITS,

TEF1 - a and TUB2 regions.

Region Primers set [nitial (.16_ Denaturation Annealing Extension Nr. of cycles Final extension References
naturation
(White et al., 1990;
ITS ITS5/NL4 95C, 5’ 940, 30” 50C, 307 72C, 1°30” 25 72C, 10’ Alves et al., 2004;
Rodriguez-Gélvez
et al., 2020)
TEF1 - BFL-
688F /EF1- 95C, 5’ 94C, 30” 52C, 30” 72C, 45” 30 72C, 10’ (Alves et al., 2008)
* 1251R
(Glass and Donaldson,
TUB2 T1/Bt2b 95C, 3’ 94C, 307 50C, 307 720, 1’ 35 72C, 10’ 1995; O’Donnell and

Cigelnik, 1997; Lopes
et al., 2016)

HVHOVIHHVHdSOAYLOY ATINVA HHL NO ddSvd AdNLS HSVO

V (SHIDHS TVONNA MIN V DNIIYDSHA LV HM HYV dOOD MOH ‘¢ YHLAVH))
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Table 3.5: List of primers and respective PCR, settings to amplify MAT genes in the genera Neofusicoccum and Diplodia.

Genus Region Primers set Initial d'e— Den?,tura— Annealing Extension Nr. of Final extension References
naturation tion cycles
Dip_ MAT1 -
Diplodia MAT1-1-1 391F /Dip_ MATI_- 95C, 3’ 94C, 30” 50-56C, 720, 1’ 35 72C, 10° (Lopes et al.,
30 2018)
1325R
Dip_ MAT2 -
82F /Dip_ MAT2_ -
1058R , ., 50-52C, o , (Lopes et al.,
MAT1-2-1 Dip. MAT?. - 95C, 3 94C, 30 200 72C, 110 35 72C, 10 2018)
113F/Dip_ MAT2_ -
1187R
Neofusi Neo_ MATI1 - © cal
eotusicoc: MAT1-1-1 113F/Neo_ MAT1_ - 95C, 3’ 94C, 30” 48C, 30” 72C, 1’107 35 72C, 10° opes et at,
cum 2017)
1215R
Neo MAT2._ - © cal
MAT1-2-1 156F /Neo_ MAT2_ - 95C, 3’ 94C, 30” 52C, 307 72C, 1’157 35 72C, 10° opes et at,
1070R 2017)

HAVHOVIHHVHdSOAYLOY ATINVA HHL NO ddSvd AdNLS HSVO

V (SHIDHS TVONNA MIN V DNIIYDSHA LV HM HYV dOOD MOH ‘¢ YHLAVH))
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3.6.6 Phylogenetic analyses [Q12 — Q16]

Sequences can be aligned using different software freely available on the web. From our
experience ClustalX v. 2.1 (Larkin et al., 2007) works well using the following parameters:
pairwise alignment parameters (gap opening = 10, gap extension = 0.1) and multiple
alignment parameters (gap opening = 10, gap extension = 0.2, transition weight = 0.5,
delay divergent sequences = 25%). The ideal situation is to work with full length sequences
for each locus. However, sometimes this is impossible, and we must deal with missing data
in the alignments as these may be problematic for phylogenetic analyses. The alignments
can be truncated according to the length of the shortest sequence used. However, if the
sequence is quite short, we may be excluding characters that would benefit our phylogenetic
analyses. An alternative is to code the missing characters with a “?” and include them in
the analyses. If manual adjustments are made to alignment these should be described.

Before concatenation of multiple loci, single locus analyses should be performed, and
a phylogenetic analysis should be done to evaluate genealogical concordance between loci.
Concatenation can be done using for example the software Sequence Matrix (Vaidya et
al., 2011). Maximum Likelihood (ML) phylogenetic trees should be built using the best
model of DNA sequence evolution with 1000 bootstrap replicates. Additionally, Maximum
parsimony (MP) and Bayesian inference (BI) analyses can also be performed to compare
the robustness of tree branch support. Several different software is available to compute
the previous analyses e.g., MEGA X (Kumar et al., 2018), PAUP 4.0a (Swofford, Sullivan,
et al., 2003), MrBayes 3.0b4 (Ronquist and Huelsenbeck, 2003) TUB2.

In phylogenetic analyses it is important to use a balanced dataset, that is, include
sequences that represent the whole known diversity within a group. Using a large number
of identical sequences while excluding those more diverse ones may result in high but
misleading support vales.

The new species being described should be compared with its closest phylogenetic
relative(s), in terms of nucleotide differences between the sequenced loci. This comparison

should include also differences (if any) in the micromorphological characters.

3.6.7 Host-fungus interactions [Q17 — Q20]

Pathogenicity assays can be used as an initial screening to test isolates for their
pathogenicity. Plants should be exposed to one-month acclimatization period before in-
oculation and maintained at greenhouse temperature (e.g., 25/15 °C day/night) with a
controlled photoperiod (e.g., 16/8 h day/night) depending on the host species used. Stress
scenarios should be defined according to the host physiology and stress tolerance. Soil wa-
ter content and host maximum stress tolerance should be calculated by species prior to
inoculation for a better experimental design.

Fungal isolates can be grown on PDA, for 7 days at room temperature prior to inocula-
tion. Inoculation should be performed at the base of the stem by placing a colonized agar

plug in a wound and then wrapped with Parafilm. Control plants should be inoculated
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plugs of sterile PDA. Symptoms such as cankers, blight of shoots or dieback should be
daily observed and registered. Internal wood necroses should be recorded and measured at
the end of the experiment. In case of seedling mortality during the experiment, the time
and number of individuals should be recorded and reported. Koch’s postulates should be
fulfilled by transferring necrotic and surrounding healthy plant tissues to PDA medium
for fungal isolation and identification.

For pathogenicity trials we recommend, among others, the examples provided by
(Linaldeddu et al., 2013; Batista et al., 2020). We highlight the importance of express-
ing mortality numbers and the numbers of days when 100% mortality was observed, if

observed.

3.6.8 Information accessibility [Q21 — Q27]

We encourage authors to provide as much information as possible through GenBank
submissions as well as in manuscripts. For countries names please use ISO 3166 standards.
Geographical coordinates should be provided, and geodetic datum should be mentioned
(i.e., WGS84 geodetic datum). For plant host please confirm if your species name is ac-
cepted by the CoL+ Project (Bisby et al., 2010). Clearly identify if the sequences concern
ex-type strains. Preferably novel species should be described based on multiple strains,
if possible, obtained from different samples and geographic locations. To deposit cultures
in international collections please consult the World Federation for Culture Collections 3.
Full-length sequences of all loci analyzed must be deposited in GenBank. These sequences
must be stripped out of the primer regions and not contain any ambiguous nucleotide
positions. Additionally, they should properly annotated in order to identify introns (pro-
tein coding genes) and non-coding regions (Internal Transcribed Spacer). Alignments and

outputs of phylogenetic analyses should be deposit in TreeBase.*

3 http:/ /www.wfcc.info/
4 https://www.treebase.org/
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CHAPTER 4. MODELLING CURRENT AND FUTURE GLOBAL DISTRIBUTIONS OF
FIVE BOTRYOSPHAERIACEAE SPECIES

4.1 Abstract

Fungal species of the family Botryosphaeriaceae are distributed worldwide and
are known to be important pathogens of a wide variety of forestry and agricul-
tural plant hosts. The role of global changes impacts, especially climate change, on
Botryosphaeriaceae-related diseases is still poorly understood. We mapped suitable areas
for five Botryosphaeriaceae species, according to three different Shared Socio-economic
Pathways (SSP) 126, 370 and 585 in different time slots: a historical climate series from
1970-2000 and two future projections 2021-2040 and 2081-2100. An overall increase of suit-
able areas for these pathogens is predicted in most of the studied scenarios and a possible
range expansion in the northern hemisphere for Botryosphaeria dothidea and Neofusicoc-
cum parvum. A consistent increase of the optimal growth months, for fungi development,
was verified in most of the regions with predicted suitability of the north hemisphere that
eventually could impact the phenology of these organisms and originate more frequent
and intensive outbreaks. The ability to predict plant pathogens occurrence in space and
time with species distribution models at local or global scale can help decision-makers
to develop management strategies to prevent or minimize the impact of future disease

outbreaks.
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4.2 Introduction

The ability to predict species occurrence in space and time with species distribution
models (SDMs) has been increasingly studied over the last decades. With a wide range
of applications, these models have been commonly used to understand the impacts of
biological invasions (e.g. (Thuiller et al., 2005; Gallardo and Aldridge, 2013)), to support
conservation and biodiversity studies (e.g. (Guisan et al., 2013; Alagador et al., 2014)) or
to forecast climate change effects on species ecological niches (e.g. (Benito Garzom et al.,
2008; Fordham et al., 2013)) among other examples. In a changing world, understanding
how species shift their ecological ranges in response to on-going global changes is essential
not only to prevent some species to face extinction but also to anticipate future impacts
of biological invasions.

Throughout time, Human-induced activities have shaped the world landscape to an-
swer the raising demand of natural resources. These changes are often associated to an
increment of productivity in the agriculture and the forestry sectors where production
process is optimized, and monocultures are usually favoured. Consequently, diversity in
species communities and populations has decreased, rising our exposure to pathogenic

organisms (Assessment et al., 2005).

When compared to other taxa, the use of SDMs to identify potential suitability areas of
fungal plant pathogens has been historically rare (Elith and Leathwick, 2009). However,
several examples have been recently published increasing the attention among scholars
and decision-makers to the different applicability of these tools (Hao et al., 2020). Among
these examples we can highlight several studies with Botryosphaeriaceae-related species
(Desprez-Loustau et al., 2007b; Fabre et al., 2011; Qiu et al., 2014; Tturritxa et al., 2015;
Bosso et al., 2017) or with other well-known plant pathogens like Fusarium species (Back-
house, 2014; Shabani and Kumar, 2013; Shabani et al., 2014; Serra-Varela et al., 2017). In
these studies, authors model, at local or global scale, known species occurrence in response
to environmental predictor variables to identify current and future suitable areas under
different climate scenarios to support management decisions concerning a wide diversity

of plant hosts.

Species of the family Botryosphaeriaceae are distributed worldwide and are known to
have different ecological roles ranging from saprobic to endophytic, or latent pathogens
(Slippers and Wingfield, 2007; Phillips et al., 2013). Taking into account the large number
of potential hosts worldwide (Batista et al., 2021), the ability of these organisms to persist
endophytically becoming pathogenic only when their hosts are under stress (Slippers and
Wingfield, 2007), and the large quantity of plant material moving worldwide every day due
to Human activities (Desprez-Loustau et al., 2007a; Hantula et al., 2014), these species
may turn into a potential biological threat. Understanding direct and indirect impacts of
climate change on Botryosphaeriaceae-related diseases is complex and should be studied
into detail for specific regions and for individual fungal-host interactions. If, in one hand,

direct effects might favour pathogen multiplication and range expansion (Fabre et al.,
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2011), in the other hand, climate change can indirectly affect the host resilience to these
diseases (Wang et al., 2012; Oliva et al., 2014; Caldeira, 2019). Therefore, uncovering
the ecological niche requirements to define potential suitable areas is essential to actively
manage current and future outbreaks and guide future individual environment-host-fungus
interactions.

Our study is focused on the distribution of five Botryosphaeriaceae species
(Botryosphaeria dothidea, Diplodia sapinea, D. seriata, Lasiodiplodia theobromae and Ne-
ofusicoccum parvum) at the global level. We aim to map suitable areas for each species,
according to three different Shared Socio-economic Pathways (SSP) 126, 370 and 585 in
different time slots: a historical climate series from 1970-2000 (Near current time), and two
future projections 2021-2040 and 2081-2100. We also explore the overlap distribution of
these plant pathogen species in different land use areas and explore different risk priorities
to help scientists and decision-makers flag potential outbreaks in new regions throughout

time.

4.3 Material Methods

4.3.1 Species occurrence data

Geographical coordinates were obtained from the MDRBOT database! — a worldwide
cured dataset of Botryosphaeriaceae species (Batista et al., 2021). In this database each
reference was verified, and occurrence data was confirmed by performing a pairwise BLAST
analysis between the nuclear ribosomal internal transcribed spacer (ITS) region of each
isolate against the I'TS sequence of the type strain. Isolates with a similarity value lower
than 99% were removed. Records for each species were screened for spatial autocorrelation
using the R package ELSA (Naimi et al., 2019) and thinned with the R package spThin
(Aiello-Lammens et al., 2015). Ten thousand pseudo-absences were randomly generated
for each species model (Barbet-Massin et al., 2012). The extension of background data to
generate the pseudo-absences did not include Antarctica because there is no evidence of
Botryosphaeriaceae occurrence in this region (Batista et al., 2021).

All work related with the statistical modelling was performed in the High-Performance
Computational System of Aveiro University (ARGUS) with the R software (version: 3.6.0;
R Development Core Team, 2019).

4.3.2 Climate data

Environmental layers were downloaded from the Worldclim dataset version 2 (Fick
and Hijmans, 2017). The average of the years 1970 — 2000 was used as historical data
to build our near current time species distribution model prediction. For future data,
eight global climate models (GCMs) were used: BCC-CSM2-MR, CNRM-CM6-1, CNRM-
ESM2-1, CanESM5, IPSL-CM6A-LR, MIROC-ES2L and MIROCG6 in scenarios following

! https://mdr-bot-cesam-ua.shinyapps.io/bot_ database/

59



CHAPTER 4. MODELLING CURRENT AND FUTURE GLOBAL DISTRIBUTIONS OF
FIVE BOTRYOSPHAERIACEAE SPECIES

three different Shared Socio-economic Pathways (SSP) 126, 370 and 585. Future mod-
elling predictions were performed for the period 2021 - 2040 and 2081 — 2100. For both
datasets, the spatial resolution used was 5 arcminutes (approx. 10 km). The selection of
bioclimatic variables was initially performed by a collinearity analysis using the Variance
Inflation Factor (VIF) with the vifstep function of the usdm R package (Naimi et al.,
2014). Collinear variables were deleted for each species separately (VIF > 10) (Chatterjee
and Hadi, 2015). From the remaining variables, the final set of variables were chosen
according to the potential biological meaning for this family according to different authors
(Staden et al., 2004; Fabre et al., 2011; Iturritxa et al., 2015; Bosso et al., 2017; Batista
et al., 2021).

4.3.3 Statistical modelling

An ensemble forecasting approach using the sdm R package (Naimi and Aratjo, 2016)
was performed for each target species. An initial run was computed with different avail-
able algorithms: Generalized linear models (GLM) (McCullagh and Nelder, 1989), Gen-
eralized additive models (GAM) (Hastie and Tibshirani, 1990), Boosted regression trees
(BRT) (Friedman, 2001), Support vector machine (SVM) (Vapnik, 2013), Classification
and regression trees (CART) (Breiman et al., 1984), Multivariate adaptive regression
spline (MARS) (Friedman, 1991), Random forests (RF) (Breiman, 2001), and Maximum
entropy (Maxent) (Phillips et al., 2006) to evaluate model fitting and to optimize the com-
putational resource consumption according to our processing capacity. Three algorithms,
with the higher predictor capacity, were selected to model near current and future species
distributions: GLMs, BRT and Maxent. To improve model evaluation three resampling
methods were used for each algorithm: cross-validation (10-fold with 20 replicates), boot-
strapping (n = 20) and subsampling (n = 20) where 70% of the occurrence data was used
for training dataset and the remaining 30% to model evaluation. A total of 720 model
runs gave a probability distribution for each cell and a consensus map was built based on
the weighted of the True Skill Statistic value (TSS) (Naimi and Aratjo, 2016). The final
output was transformed in a suitable/unsuitable map where cells with a probability of
occurrence higher than average T'SS threshold were considered as suitable areas and cells
with lower probability of occurrence were considered as unsuitable areas (Liu et al., 2005).
For future projections, the final output map took in consideration the result of each GCM

and then a consensus map was built as previously described.

4.3.4 Land uses overlap analysis and risk assessment decision tree

The Corine Land Cover (CLC) 2012 (Version 2020 provided by European Union,
Copernicus Land Monitoring Service, European Environment Agency (EEA)) was used
to evaluate the suitability of the target species in different land use areas. All operations
to extract suitable areas per different land use categories were performed using the raster

R package (Hijmans et al., 2014). A risk assessment for agriculture and forest areas was
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performed for each tested species using the worst-case scenario of climate change (SPP585)
to the time slot 2081-2100. Four categorical risk groups were defined according to the risk

assessment decision tree (Figure 4.1).

Predicted suitability

No Yes

Range overlaps with
Agriculture or Forest land use?

Yes

Future suitability overlap
current predictions?
Yes

Countries with reported

Group A
occurrence?

Yes

Low risk — Nonpriority |«

Group B

Risk of new emergent
diseases in the future -
Apply preventive measures

Group C Group D

Increase sampling effort
and apply preventive
measures

Apply mitigation and
control measures

Figure 4.1: Risk assessment decision tree to prioritize sampling, preventive, and control

measures.
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4.3.5 Optimal growth months according to temperature

Optimal growth temperatures of the studied species were defined according to (Phillips
et al., 2013). An optimal range between 20 and 40 °C was selected to consider the overlap
of the optimal range of all species. Minimal and maximum monthly temperature were used
to calculated average monthly temperatures. This data was obtained from the Worldclim
dataset version 2 for the historical climate 1970 — 2000 (Near current time). For the future
climatic scenario SPP585 in the time slot 2081-2100, eight global climate models (GCMs)
were used: BCC-CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1, CanESM5, TPSL-CM6A-
LR, MIROC-ES2L and MIROCG6 (Fick and Hijmans, 2017). The final output corresponds
to the average values of the mention GCMs. A consensus suitable area of all species
was created taking in consideration the output models of the SPP585 2081-2100 final
prediction. Changes in optimal growth months were calculated with reference to the near

current time.

4.4 Results

4.4.1 Models’ performance

After cleaning, the final dataset contained 126 occurrences of B. dothidea, 40 of D.
sapinea, 59 of D. seriata, 107 of L. theobromae and 120 of N. parvum. In Figure 2, presence
data used to train the model is represented by black dots. Owverall, it was possible to
collect information from several distinct locations (Africa, Asia, Europe, North and South
America).

Environmental variables with collinearity problems (VIF > 10) were removed. For
each species, the final set of bioclimatic variables contained the following layers: bio4
- Temperature Seasonality, bio8 - Mean Temperature of Wettest Quarter, bio9 - Mean
Temperature of Driest Quarter, biol8 - Precipitation of Warmest Quarter and biol9 -
Precipitation of Coldest Quarter. Average variable importance was not consistent among
species, our ensemble suggests a moderate to a strong contribution of the mean tempera-
ture of driest quarter for B. dothidea, L. theobromae and N. parvum. For D. sapinea and
D. seriata the strongest contributor was precipitation of coldest quarter and precipitation
of warmest quarter respectively (Figure 4.2 - I).

Taking in consideration the environmental variability of the occurrence locations used
to train our models we found that L. theobromae is less susceptible to variations of tem-
perature across the year (Figure 4.2 - II) and is adapted to high levels of precipitation
in the warmest and the coldest quarter of the year and to the highest mean temperature
of wettest and driest quarter. The remaining species showed a better adaptation to re-
gions with strong temperature seasonality; however, average values in precipitation and
temperatures were not consistent and varied independently by species.

The AUC values are in the range 0.67 —0.97 indicating a reasonable to very good model
performance (Table 4.1). BRT and Maxent algorithms performed better than GLMs. The
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final suitability map was built based on the weighted of the True Skill Statistic value (TSS)

where models with better performance received a higher weight in the final output.
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Figure 4.2: (I) Average variable importance of the climatic variables used to model habi-
tat suitability. (II) environmental variability among regions where occurrence data were
confirmed. Temperature seasonality was calculated using the standard deviation of the
mean monthly values Regions with larger standard deviations have greater temperature
variability across the year. Temperatures are represented in degrees Celsius and precipi-

tation in millimeters. A quarter is a period of three months (}1 of the year).
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Table 4.1: Area under the receiver operating characteristics curve (AUC) and true skill

statistic (TSS) by species for each of the algorithms.

Species BRT GLMs Maxent
AUC TSS Deviance AUC TSS Deviance AUC TSS  Deviance
Botryosphaeria dothidea 0.91 0.75 0.11 0.67 0.45 0.13 0.93 0.79 0.42
Diplodia sapinea 0.93  0.82 0.04 0.72  0.51 0.05 095 0.89 0.31
Diplodia seriata 0.92 0.78 0.05 0.85  0.65 0.06 097 091 0.2
Lasiodiplodia theobromae  0.85 0.66 0.11 0.8 0.59 0.1 0.87 0.68 0.7
Neofusicoccum parvum 0.91 0.74 0.11 0.72 0.51 0.12 0.92 0.79 0.47

4.4.2 Near current suitability

Suitability areas can be observed in grey in figure 3 for each tested species.
Botryosphaeria dothidea and N. parvum were predicted consistently in all sampled re-
gions and the remaining species showed some local restrictions, such as for example, D.
sapinea and D. seriata in Europe, South of Australia, and western region of United States
of America. Lasiodiplodia theobromae is mainly distributed in regions with a latitude range
lower than 30°N.

Suitable areas were compared with a list of countries with reported occurrence in liter-
ature (MDRBOT database?) and then divided in two categories: countries with literature
reports and predicted suitability and countries with predicted suitability but without lit-
erature reports. Overall, our models were able to predict suitable areas in most of the
countries with confirmed reports (represented in blue in figure 4.3). Countries delimited in
red represent locations with predicted suitability but without any literature reports. We
found that, among all studied species, approximately 43% of the countries with predicted
suitability and without literature reports, so far, never reported any Botryosphaeriaceae
species in literature suggesting that sampling probably never occurred on these regions.
Our models, according to the literature, were not able to predict suitability in 6% of the
countries with confirmed literature reports. A complementary table was created (Supple-

mentary data B) with a complete country list divided by the mention categories.

2 https://mdr-bot-cesam-ua.shinyapps.io/bot_ database/
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Predicted suitability Occurrence data Countries with predicted suitability ~ Countries with predicted suitability
and confirmed reports and without confirmed reports

Botryosphaeria dothidea

Lasiodiplodia theobromae Neofusicoccum parvum

P el
ALY

Figure 4.3: Predictions for near current suitability. Grey zones represent suitability areas
predicted by the ensemble. Countries with border lines in blue stands for countries with
species suitability predicted by the ensemble and with literature data verifying that oc-
currence. Countries with boarder lines in red stands for countries with species suitability
predicted by the ensemble but without literature data. Black dots stand for occurrence
data used to train the SDMs.
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4.4.3 Future suitability

For future predictions our species models showed consistency within the two selected
future time slots and among different climatic scenarios. Taking in consideration only
the period 2081 — 2100 for our worst-case climatic scenario SPP585, B. dothidea and L.
theobromae had the biggest percentual increment in suitable areas when compared with
the near current prediction, +75% and +48% respectively (Figure 4 - II). These changes
for B. dothidea were more significant above 23 °N latitudinal degrees resulting in an
expansion range in areas outside the natural range of this species. For L. theobromae we
verified a consistent expansion within the normal latitudinal range observed in the near
current time (Figure 4.4 - I). For D. sapinea and D. seriata changes were not constant in
latitude and varied in several different regions. For example, it was predicted to expand in
central Europe in areas that are exposed to the Atlantic Ocean such as United Kingdom,
southwestern France, and North of Spain but to decrease in central Europe inland. For N.
parvum, we found a consistent expansion in east European countries with latitudes above
47 °N and a general loss of suitable areas below this latitudinal level. For detail world
maps with suitability changes over time for all studied species, time slots and different

climatic scenarios, please check Supplementary data C.
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Figure 4.4: (I) Approximated cumulative number of grid cells predicted by the ensemble over a latitude gradient. Areas under the curve in
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with predicted suitability.
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4.4.4 Land uses overlap analysis

Assuming a constant land use scenario over time we verify that, apart from N. parvum,
all species increased their suitability range in all studied land use classes (Figure 4.5). For
N. parvum we previously predicted a positive variation of 0.58% in total suitable areas
when compared the SSP585 output scenario with the near current time. However, this
small variation resulted in a reduction of suitable areas in most of the meaningful land use
categories for Botryosphaeriaceae-related diseases.

Lasidiplodia theobromae presented the largest values in the total number of grid cells
with predicted suitability. When compared with the remaining species, this species pre-
sented on average 2 times more suitable areas than B. dothidea and N. parvum, and 8
times more than D. sapinea and D. seriata.

Areas categorized as closed forest of evergreen and deciduous broadleaf tree species,
closed forest of evergreen needleleaf species, herbaceous vegetation and cropland land uses

were the ones consistently predicted as suitable among all the studied fungal species.
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Figure 4.5: Approximated cumulative number of grid cells by different types of land use

for the near current time and the tested climatic scenarios.
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4.4.5 Risk scenarios

Figure 4.6 presents a map projection with the risk categories previously defined. We
highlight for B. dothidea the possible risk of outbreaks in the future (Cat B) in the north-
ern hemisphere in areas that are already connected with regions with current predicted
suitability and with confirmed reports in literature (Cat D) and with areas without con-
firmed literature reports but with predicted suitability (Cat C). In N. parvum, D. sapinea
and D. seriata we found a lower distribution range when compared with B. dothidea but
with a similar distribution pattern in regions mostly located in the northern hemisphere.
Lasiodiplodia theobromae was manly predicted in regions of the south hemisphere and ar-
eas with risk of future outbreaks are also often associated with regions where this species

was already detected.

Risk categories

P 1
CatA CatB CatC CatD
Low risk - Nonpriority  Risk of outbreaks in the future Countries without confirmed reports and with suitable areas Countries with confirmed reports and with suitable areas
Apply preventive measures Increase sampling effort and apply preventive measures Apply mitigation and control measures
Botryosphaeria dothidea

Diplodia seriata

e

Lasiodiplodia theobromae Neofusicoccum parvum

Figure 4.6: Risk assessment for the studied species.

70



CHAPTER 4. MODELLING CURRENT AND FUTURE GLOBAL DISTRIBUTIONS OF
FIVE BOTRYOSPHAERIACEAE SPECIES

4.4.6 Optimal growth months

Despite all the environmental conditions that characterize the ecological niche of each
studied species we wanted to understand the possible impact of climate change in the
number of optimal growth months per year based on the optimal growth temperature of
these fungi (Figure 4.7). We verify a consistent increase of the optimal growth months in
most of the regions with predicted suitability of the north hemisphere, Australia, South
Africa, Argentina, and the South of Brazil, among others. Tropical regions showed almost
no changes in the number of growth months with optimal temperatures. Future losses
of optimal growth months were marginal and restricted to some regions in Persian Gulf

countries and India.

Future changes on optimal growth months according to temperature
| | |
-5to-1 0 1to2 3to5 6to12

Figure 4.7: Future changes (2081 - 2100) on optimal growth months according to optimal
temperature. To calculate the optimal growth months was consider the number of months
with average temperature between 20 and 40°C within the suitability range of all studied

species.
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4.4.7 Discussion

This study attempts for the first time to model worldwide suitability of five well-known
and phytopathologically relevant Botryosphaeriaceae species in three different time slots.
Modelling species distributions allows us to understand the ecological niche requirements of
those species and to forecast possible future impacts. These models are always 