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RESUMO

Esta tese explora diferentes aspectos que afetam o cultivo do sisal no Brasil, com especial
enfogue no viroma (conteddo de espécies virais) das trés principais variedades encontradas nos
campos, e também varios aspectos gendmicos do principal patdgeno do sisal, Aspergillus
welwitschiae, que podem estar relacionados com o progresso da doenca. E apresentada uma
descricdo baseada em RNA-Seq do viroma associado a Agave sisalana (a principal variedade
de sisal cultivada), Agave fourcroydes e Agave Hybrid 11648, duas variedades menos
cultivadas, mas supostamente mais resistentes a podridao do caule de sisal. Vinte e cinco (25)
espécies virais foram identificadas, sendo uma delas o Cowpea Mild Mottle Virus (CPMMV).
As raizes geralmente sdo os tecidos vegetais mais diversos e ricos, provavelmente devido as
associacOes planta-fungos. As relacdes filogenéticas de A. welwitschiae na secdo Nigri do
género Aspergillus foram descritas, bem como caracteristicas evolutivas que afetam genes que
podem desempenhar um papel relevante durante o estabelecimento e a progressao da podriddo
do caule do sisal. A. welwitschiae foi descrito como uma espécie polifilética (ndo foi possivel
definir um Unico ancestral comum), e diferentes genes no metabolismo primario e secundario
foram identificados como estando sob selecéo diversificadora. Foi desenvolvida uma patente
com base na anélise de ortologia do Capitulo Il. Um gene codificante para uma Al-pirrolina-5-
carboxilato redutase (PC5R) contendo uma regido unica para A. welwitschiae foi encontrado,
apesar de ser uma espécie polifilética, conforme descrito no Capitulo 1lI. Discutimos a
patogenicidade de A. welwitschiae através da analise do seu metabolismo secundério e seus
possiveis papéis na progressdo da doenca, utilizando técnicas tanto moleculares como in silico.
Vérios metabolitos foram detectados através de cromatografia liquida de alto desempenho,
incluindo moléculas tipicas do metabolismo primario e secundario de fungos. Por fim, é
apresentada uma discussao geral e observacdes conclusivas que combinam o conteido de todos

os capitulos anteriores e perspectivas futuras para esta pesquisa.

Palavras-Chave: virus, podriddo vermelha do sisal, interacdo planta-patégeno, evolucao,

susceptibilidade.



ABSTRACT

This thesis examines diverse aspects impacting sisal cultivation in Brazil, with a particular focus
on exploring the virome (viral species content) of the three main sisal varieties found in the
fields. Additionally, it investigates various genomic facets of sisal's primary pathogen,
Aspergillus welwitschiae, potentially linked to the progression of the bole rot disease. Utilizing
an RNA-Seq-based approach, the study provides a comprehensive characterization of the
virome associated with Agave sisalana (the main cultivated sisal variety), Agave fourcroydes,
and Agave Hybrid 11648, two less cultivated varieties supposedly exhibiting higher resistance
to bole rot disease. A noteworthy finding includes the identification of twenty-five (25) viral
species, including the Cowpea Mild Mottle Virus (CPMMYV), with roots demonstrating a
particularly diverse and rich plant tissue attributed to plant-fungi associations. Furthermore, the
research outlines the phylogenetic relationships of A. welwitschiae within the Nigri section of
the Aspergillus genus, highlighting evolutionary traits impacting genes that may influence the
establishment and progression of sisal's bole rot. The discovery that A. welwitschiae is
polyphyletic (lacking a single common ancestor) and the identification of genes in primary and
secondary metabolism under diversifying selection add new insights to the field. The thesis also
includes the development of a patent based on the orthology analysis conducted in Chapter II,
revealing a unigue region in the gene coding for A1-pyrroline-5-carboxylate reductase (PC5R)
specific to A. welwitschiae, despite its polyphyletic nature. The study further investigates the
pathogenicity of A. welwitschiae by examining its secondary metabolism and potential roles in
disease progression through wet-bench and in silico techniques. Notably, high-performance
liquid chromatography revealed various metabolites, including those typical of fungi's primary
and secondary metabolism. Lastly, the thesis presents a comprehensive discussion and
concluding remarks, integrating findings from all previous chapters and outlining future
research perspectives in this domain.

Keywords: virus, red rot of sisal, plant-pathogen interaction, evolution, susceptibility.
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INTRODUCTION

Plants are intrinsically associated with the neighboring organisms and environmental
conditions in nature. When involving a plant host and one or more microorganisms, such
associations are named “plant-microbe interactions” (CHENG; ZHANG; HE, 2019) or “plant-
pathogen interactions” when referring specifically to the harmful effects of these
microorganisms in plant hosts (ROJAS et al., 2014). Studying these associations is especially
relevant in commercial crops, since the knowledge of plant-microbe interactions improves
yielding by favoring beneficial interactions while avoiding pathogenic ones (MEENA et al.,
2017). The lack of this knowledge increases the risks of yield losses, usually at a great economic
cost (DAAMI-REMADI et al., 2011).
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Figure 1: Sisal production (in tons) in the top 5 largest producers, worldwide. Records from
1961-2021.

Sisal is a common name for a few Agave species and hybrids used for the production of
natural fibers deriving from their leaves (ANANDJIWALA; JOHN, 2010). Agave sisalana is
the most widespread of these varieties, although other species such as Agave fourcroydes and
hybrids like Agave Hybrid 11648 and Agave Hybrid 400 folhas are available for cultivation
(QUEIROGA et al., 2021). Since 1971, Brazil is the leading producer of sisal fibers, followed
by Tanzania, Kenya, and Madagascar (East Africa), and China as the main producers (Figure
1). For its leading role as a sisal fiber producer worldwide, the Brazilian Enterprise of
Agricultural Research (Embrapa) and the University of Campinas (Unicamp), maintain a sisal
germplasm bank with sisal genotypes that are promising sources of disease resistance. This
germplasm is mostly composed of plants with a particularly disease-resistant or unique

phenotype, also deriving from small producers in Bahia, Paraiba, Pernambuco (States in
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Northeast Brazil), and elsewhere. Considering the aforementioned knowledge of plant
adaptation and interaction with their surrounding environment, and also the existing literature
on viral diversity in plants such as pepper (JO et al., 2017), rubber tree (FONSECA et al., 2018),
grapevine (COETZEE et al., 2010) and others, we hypothesized that the sisal varieties in the
Embrapa germplasm plants could provide a relevant viral content that reflects its location

history, pests, and associated microbiota.

Sisal fiber production is monitored by FAOSTAT (available at <https://www.fao.org/>),
which has named it among the “Future Fibres” due to its varied uses (available at
<https://www.fao.org/economic/futurefibres/ available at <). The data compiled by FAOSTAT
(Figure 1) shows a great drop in the Brazilian production of the fiber detected in 2012 and the
following years as a result of a severe drought in the main sisal-producing region, in the State
of Bahia (DE AZEVEDO et al., 2018; MENDONCA, 2017). It is hypothesized that this drought
has triggered an incontrollable spread of the bole rot disease, which persists in the fields. Sisal
production has never recovered to pre-2012 levels in Brazil (Figure 1). The bole rot was
believed to be caused by various fungal species until 2018 when our research group confirmed
A. welwitschiae was the true etiological agent (DUARTE et al., 2018). Two A. welwitschiae
strains derived from this 2018 study were sequenced (CCMB 674 and CCMB 663), and have
since based our research group’s research on the bole rot. Aspergillus welwitschiae is a common
saprophytic species in stored produce, but it has also been described as a plant and human
opportunistic pathogen (DE RIJK et al., 2015).

In this research, we combined different strategies, including high-throughput
sequencing, -omics sciences, evolutionary models, and others to provide an overview of sisal
as a plant host for neutral or pathogenic microorganisms and viruses. Our results include the
first description of the virome of three different varieties of sisal (Chapter I1), a new method for
the detection of the pathogen in sisal samples (Chapter 1V), important discoveries about the
evolution of this pathogen (Chapter Ill), and possible strategies for fungal infection and
colonization of the plant host (Chapter 111, Chapter VI).
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Thesis organization

This thesis explores different aspects affecting sisal cultivation in Brazil, especially the
virome (viral species content) of the three main varieties found in the fields, and also various
genomic aspects of sisal’s main pathogen, Aspergillus welwitschiae, which could be related to

the disease progress.

Chapter I outlines relevant scientific concepts and published research that lays the
theoretical basis for the following chapters. This literature review is centered on the interactions
of plants with biotic and abiotic factors and the implications of these interactions for plant

susceptibility to diseases and yield loss.

Chapter 11 brings an RNA-Seqg-based description of the virome associated with Agave
sisalana (the main cultivated sisal variety), Agave fourcroydes, and Agave Hybrid 11648, two
less cultivated varieties but supposedly more resistant to the bole rot disease. Twenty-five (25)
viral species could be identified, one being the Cowpea Mild Mottle Virus (CPMMYV). Roots

are generally the most diverse and rich plant tissue, likely due to plant-fungi associations.

Chapter 11 describes the phylogenetic relationships of A. welwitschiae in the Nigri
section of the genus Aspergillus, and also evolutionary traits affecting genes that could play a
role during the establishment and progression of the bole rot of sisal. A. welwitschiae was found
to be polyphyletic (a single common ancestor could not be defined), and different genes in the
primary and secondary metabolism were detected to be under diversifying selection.

Chapter 1V is a patent based on the orthology analysis of Chapter 1. We found a gene
coding for a Al-pyrroline-5-carboxylate reductase (PC5R) containing a region unique to A.

welwitschiae, even though this is a polyphyletic species, as described in Chapter 1.

Chapter V discusses the pathogenicity of A. welwitschiae through the lenses of its
secondary metabolism and its possible roles in disease progression, using both wet-bench and
in silico techniques. Various metabolites were detected through high-performance liquid
chromatography, including typical molecules of the primary and secondary metabolism of

fungi.

Finally, Chapter VI presents an overall discussion and conclusion remarks combining

the content of all previous chapters and open perspectives for this research.
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Chapter | - LITERATURE REVIEW
1.1 Plant-Pathogen Interactions

In nature, plants, like most organisms, do not live isolated but rather in association with
other living organisms and the abiotic conditions that surround them. This delicate balance
might either provide ideal conditions for plants to thrive or challenging conditions that might
push them to decay (CHENG; ZHANG; HE, 2019). Microorganisms play a key role in
interactions with plants. Beneficial interactions include microbes that form intricate symbiotic
relationships with their plant hosts, such as rhizobia or ectomycorrhizal fungi (SANTOYO et
al., 2016). In addition, neutral/beneficial interactions include the recycling of organic matter
provided by saprophytic microorganisms, that feed off the dead plant matter (VAZ et al., 2020).
Nonetheless, under specific host susceptibility or aggravating environmental conditions,
pathogenic microorganisms thrive. These might be the same species that form either beneficial
or neutral interactions with plant hosts, or strict pathogenic species and strains (DELAYE;
GARCIA-GUZMAN; HEIL, 2013).

Symbiotic and pathogenic fungi share many similarities. Both use plants as a source of
nutrients and a living environment (DUTTA et al., 2014), and both have to dodge the plant
strategies for pathogen recognition and control (YAN et al., 2019). Even though symbionts
might possess plant growth-promotion traits, some endophytes might be dormant, not
contributing positively to the plant metabolism (SIEBER, 2007). Thus, the establishment of
pathogenesis could be understood as the greatest divide between those two groups; while
symbionts thrive in plant tissues while not causing visible symptoms (FESEL; ZUCCARO,
2016), pathogens are required to cause disease to complete their life cycle or to adequately
exploit plant nutrients (RODRIGUEZ-MORENO et al., 2018). Pathogens are usually divided
into three categories; Necrotrophs, which kill the infected plant tissue to feed off it, biotrophs,
which feed on the living plant tissue, and hemibiotrophic species, which switch from a
biotrophic lifestyle to necrotrophy at a given stage. In complementation to those, saprophytic
fungi, which feed off dead plant matter, often switch to a pathogenic lifestyle in damaged or
weak plants (HORBACH et al., 2011; LORANG, 2019).

To fight pathogens or even to keep symbionts under control, plants possess a complex
immune system composed of broad and pathogen-specific receptors and signaling cascades

with different outcomes, even though there are no mobile or immunity-specialized cells. In



16

summary, this immune response has been historically divided into a broad first line of response
(PAMP-Triggered Immunity — PTI) and a second line, usually more specific, triggered by
proteins from the pathogen that target the effect of the first line of defense (Effector Triggered
Immunity — ETI). In the context of fungal pathogens, PTI is triggered by intrinsic fungal
molecules like chitin, and plant molecules produced when the cell environment is disrupted,
named damage-associated patterns (DAMPS).

AN Plant mRNA @ B » Secreted fungal
A~ Fungal sSRNA ® g ) effectors / HSTs

Plant receptor
3:. protein / kinase

Secreted apoplastic
effectors disrupting cell
wall / membrane integrity

w & & Calcium influx
o] inducing PCD

CaZ+

CaZ+
Ca2+

b ®
Signaling cascade Light-dependent
initiating PCD cell death

Q—»?—»?—»? o -
A=

. | Secreted effectors .
| from invasive hyphae

Altered hormone
production / signaling

Signaling cascade
initiating PCD
—?—>7—>?

Suppression of plant —
gene expression

effectors
Figure 2: Adapter from (SHAO et al., 2021). Schematic representation of effector functions
during plant-fungal necrotroph interactions.

Figure 2 provides a schematic overview of an interaction between a plant and a
necrotrophic pathogen (SHAO et al., 2021). When infecting a host, fungi will secrete a broad
set of proteins, including effectors and host-selective toxins (HSTs) targeting different regions
of the plant cell environment, such as the apoplast (green dots) and the cell wall (red arrows).
Such effectors include cellulases and pectin degrading enzymes (TAY1 et al., 2016), and other
proteins targeting the plant cytoplasm (other shapes). The main current effector protein
predictor, EffectorP v3.0, is capable of differentiating between cytoplasmatic and apoplastic
effectors (SPERSCHNEIDER; DODDS, 2021). Various fungal species form a specialized
structure called appressoria to secrete proteins once the host cytoplasm is reached (DEMOOR,;
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SILAR; BRUN, 2019), but that is not the case in this example. The authors also highlight the
delivery of non-coding small RNA molecules that will directly modulate plant transcription,
which is a more recent discovery in comparison to the other strategies and responses shown in
this scheme (SHAO et al., 2021). Fungal effectors will disrupt photosynthesis, the Ca?* influx,
and phytohormone production. Plant responses in ETI culminate with the hypersensitivity
response, a type of localized programmed cell death (PCD) that is ideal for necrotrophic fungal

pathogens, which will feed on the recently killed plant tissue (LI et al., 2015).

1.2 Plants as a repository for microbial and viral diversity

Considering the aforementioned settings in plant cell environments and their molecular
response to the presence of microbes, why would it be advantageous for microorganisms to live
inside a plant host? Microorganisms favor that interaction because a plant host provides much
more favorable conditions than aquatic, air, or even soil environments. For instance: the
microbial community in the rhizosphere (the area of influence of plant roots) is usually shaped
through root exudates, meaning compounds such as sugars, amino acids, and organic
compounds secreted from the roots to soil (CANARINI et al., 2019). On the other hand, the
harsh conditions in the soil might lead to dormancy (LEBEIS, 2015). Thus, for soil
microorganisms, being in the rhizosphere means greater nutrient availability. Nonetheless,
under the incredibly large spectrum of interactions between plant hosts and microbes, there are
a large number of dormant microorganisms and viruses that neither cause disease nor improve
plant resistance or environmental adaptation (BOWSHER; KEARNS; SHADE, 2019). For
being cryptic, these interactions often go unnoticed, which does not mean, necessarily, that
these interactions do not provide the plant hosts with advantages or disadvantages
(ESPERSCHUTZ et al., 2009). As mentioned in the previous topics, associated microorganisms
and viruses might help plants better adapt/resist pathogens or adverse conditions by conferring
them with better access to water and minerals but also by causing pathogenesis in harmful
microorganisms (MUNOZ-ADALIA; FERNANDEZ; DIEZ, 2016). For instance, an associated
mycovirus that does not harm a beneficial or neutral fungal species associated with a given
plant host might affect a pathogen, thus, providing that plant species with higher resistance to
that pathogen (LIU et al., 2019a). Even so, that still means that several microbial interactions
will be neutral or even dispensable most of the time. Either way, those neutrally associated

microorganisms and viruses help us understand plants as a possible harbor of microbial and
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viral diversity, which might reflect the environment in which they occur, including biotic and

abiotic factors, soil conditions, and vector occurrence.

Studying viromes in plant species comprises the obvious perspective of viruses as plant
pathogens as they cause great losses in yield (COETZEE et al., 2010). Nonetheless, viruses
affect all known clades, including bacteria, fungi, protists, and so on (CORREA et al., 2021).
Hence, plant viromes might provide a broad description of a plant host as a microenvironment
in which many types of different microbial interactions may occur. Some of those might not
even be directly implicated with plant metabolism (CHIAPELLO et al., 2020).

1.3 The bole rot of sisal and other diseases affecting sisal crops

According to Embrapa, the only current relevant disease of sisal in Brazil is bole rot,
caused by Aspergillus welwitschiae, and to a much less extent, the anthracnose caused by
Colletotrichum agaves (SUINAGA; COUTINHO; SILVA, 2021). Bole rot (often referred to as
red rot and variations of those names) is a fungal disease affecting the stems of sisal plants,
especially Agave sisalana, which is currently the most widespread variety in the fields. The
current hypothesis for infection is that the fungus invades the plant through wounds in the leaf
basis (DUARTE et al., 2018) since the stem of Agave sisalana and similar species is mostly
covered by the leaf’s rosette, remaining covered by the dry leaf basis after excision. The
publication that first described A. welwitschiae as the causative agent describes disease
incidence of up to 40% in some farms (DUARTE et al., 2018), which highlights this as a
relevant phytosanitary matter in sisal cultivation. As aforementioned, Tanzania and China are
2" and 5" top sisal-producing nations worldwide (FAOSTAT, available at
<https://www.fao.org/>). Although bole rot is also a limitation in those countries, other diseases

affect their sisal farms and might eventually reach Brazilian fields.

The anthracnose caused by C. agaves has also been reported in Agave angustifolia in
Brazil (ARAUJO et al., 2021), of which Agave fourcroydes is a domesticated version
(COLUNGA-GARCIAMARIN, 2015). Another publication studying Chinese sisal fields
describes similar symptoms in A. sisalana caused by Neoscytalidium dimidiatum (XIE et al.,
2021). According to both Brazilian and Chinese publications, the symptoms include a dark

brown, circular, water-soaking spot.
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Considering the rise of Hybrid 11648 as an alternative sisal variety due to its increased
resistance to bole rot, research on the zebra stripe caused by Phytophthora nicotianae becomes
especially relevant. Although there are no reports on the occurrence of P. nicotianae on sisal,
this fungus occurs in Brazil as a pathogen in periwinkle (Vinca rosea) (REIS; HENRIQUE,
2007) and black wattle (SANTOS; LUZ; SOUZA, 2005). Agave Hybrid is already the main
cultivar in China and Tanzania (GAO et al., 2014), which helps explain the low interest in the
bole rot disease in these countries. In the zebra stripe of Hybrid 11648, dark spots in the leaf
surface increase in size and spread toward the stem (GAO et al., 2012), which is also where A.
welwitschiae concentrates. Nonetheless, the zebra stripe is associated with wet seasons (GAO
etal., 2012, 2014) while the bole rot is associated with drought periods (DAMASCENO et al.,
2019).

Two recent scientific publications research the sisal purple leafroll disease (SPLD)
(WANG et al., 2022, 2023). According to the authors, this disease is very destructive in Chinese
sisal crops due to a mealybug infestation (REN, 2013). In this disease, leaf tips turn purple or
yellow, roll, and dry out. Although the etiology is not resolved, the authors have detected
phytoplasmas in affected samples (WANG et al., 2022, 2023). Finally, sparse scientific research
on the sisal fields of Tanzania describes a disease called “Korogwe Leaf Spot” (KIMARO,;
MSANYA, 1994). The etiological agent could be either a virus (MPUNAMI, 1986) or a fungal
pathogen (MTUNG’E et al., 2014), and there is no further information publicly available online.

1.4 Aspergillus welwitschiae, an opportunistic pathogen

Aspergillus welwitschiae is a filamentous fungal species in the genus Aspergillus
(Trichocomaceae, Ascomycota). This is an asexual species (anamorph), and like other black
aspergilli, it does not have a known teleomorph stage (VARGA et al., 2014). Mating in this
genus is often elusive (SEEKLES et al., 2022). A. welwitschiae is undistinguishable from
various other black aspergilli, unless through the use of molecular techniques, such as PCR and
DNA sequencing, which has led to years of misidentification of this species often confused
with Aspergillus niger, which also shares an almost identical ecological niche (MASSI et al.,
2016). Over the next paragraphs, we will review the published research on A. welwitschiae and

its incredible niche plasticity, focusing on its role as an opportunistic pathogen in plants.
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A. welwitschiae was named after its role as a pathogen in Welwitschia mirabilis in the
Namib Desert (Namibia, Southwest Africa). The earliest mention of this nomenclature dates
back to 1969, in a publication describing a disease associated with the female cones on the plant
(W. mirabilis is a gymnosperm) (GIESS, 1969). Nonetheless, this scientific article was probably
lost or inaccessible for years, and the fungus causing disease in W. mirabilis has been referred
to as A. niger var. phoenicis (WHITAKER; PAMMENTER; BERJAK, 2008) or simply A.
niger (PEKAREK; JACOBSON; DONOVAN, 2006). A. welwitschiae has also been referred
to by the synonym Aspergillus awamori (PERERA et al., 2021), especially in biotechnology
research, which we will discuss later. Under its current name, A. welwitschiae is known for its
post-harvest occurrence in food stocks, affecting a vast array of produce including nuts, coffee,
grapes, cocoa (LAMBONI et al., 2016; MASSI et al., 2016), onions (MASSI et al., 2020),
cabbage (LI et al., 2023b), and corn (SUSCA et al., 2014). Saprotrophy is a common trait of
species in the genus Aspergillus (CLEVELAND et al., 2009; LIU et al., 2017; PFLIEGLER et
al., 2020) and in the family Trichocomaceae (BEULE et al., 2017; DISKIN et al., 2017). This
lifestyle switch that categorizes A. welwitschiae as an opportunistic pathogen in sisal (DUARTE
et al., 2018) is also discussed elsewhere (LIU et al., 2017; PFLIEGLER et al., 2020).

It is also important to make a brief note on the application of A. welwitschiae as a
biofactory. This use of this fungal species dates as far back as 1966 (WANG, 1966), and is
especially common under the synonym “Aspergillus awamori”, being in use to this day (LI et
al., 2023a). The application of A. welwitschiae in biotechnology studies is usually related to the
optimization of the degradation of complex carbon molecules and raw waste (BASHEER et al.,
2011; BOTELLA et al., 2005; SHIN et al., 2019) or to the production of enzymes serving that
purpose, such as amylases, proteases (NEGI; BANERJEE, 2009), and xylanases
(SOLORZANO LEMOS et al., 2000). There is also research on phosphate solubilization by A.
welwitschiae (MITTAL et al., 2008), which is related to its role as an endophyte, described in
more detail later in this topic. There is also research on the benefits of A. welwitschiae as a
replacement for antibiotics in poultry (SALEH et al., 2011, 2014).

Besides the genus Aspergillus, some other opportunistic fungal pathogens are included
in the genera Fusarium (MADRIZ-ORDENANA et al., 2019; SOLIS-GARCIA et al., 2021),
Alternaria (TAHERI; KAKOOEE, 2017), Lasiodiplodia (SOLIS-GARCIA et al., 2021), and
Corynespora (MADRIZ-ORDENANA et al., 2019). An opportunistic pathogen could be an
endophyte or saprotroph that switches to a pathogenic lifestyle under specific conditions,

meaning that they are not obligate pathogens. In sisal, this is associated with abiotic stresses
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that weaken the plants (DUARTE et al., 2018). Nonetheless, while in field work, our research
group noticed that the disease also affects mature plants in blooming stages and large complexes
of mother plants and suckers (sisal also propagates asexually through rhizomes) (DEBNATH

etal., 2010). Such plants are discarded from our experimental designs since this presents a clear

selection bias.
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Figure 3: (A) Adapted from (GARCIA-GUZMAN:; HEIL, 2014). Different lifestyles in plant
associated fungi. (B) Adapted from (REDKAR et al., 2022). Conidia germination and plant
infection by Fusarium oxysporum.

Not surprisingly, all aforementioned opportunistic pathogens are necrotrophic (Figure
3A) such as A. welwitschiae (CIPRIANO et al., 2015; COLOU et al., 2019; RIBEIRO et al.,
2021; STONE et al., 2000). Although elusive and multifaceted, the link between saprotrophy
and necrotrophy is not new (LEWIS, 1973), and it seems to be connected with the content of
carbohydrate metabolism-related enzymes (ZHAO et al., 2013). Carbohydrate-Active Enzymes
(CAZy) and Secondary Metabolite Gene Clusters (SMGCs) are two examples of strategic
groups of proteins that are required throughout different life stages and trophic modes in fungi,
which makes those proteins a common research target. Classic examples of those enzyme
classes are cell wall-degrading enzymes (including ligninases, cellulases, and pectate lyases)
(KUBICEK; STARR; GLASS, 2014) and mycotoxins clusters (WU et al., 2011), for CAZy and
SMGCs, respectively. Sometimes the concepts of CAZy and SMGCs is overlapped and mixed
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with the concept of effector proteins, which are any protein that modulates, directly or
indirectly, the plant immune responses. Classical fungal effectors include chitinases, lysin-rich
motifs (LysM), and others (CEN et al., 2017; PRITSCH; GARBAYE, 2011).

A. welwitschiae has also been described in the literature as an endophyte in three of the
most relevant commercial crops; rice (LIU et al., 2019b; XIANG et al., 2020), soybean
(HUSNA et al., 2022), and maize (GUL et al., 2023). This reinforces the genome plasticity in
this species. Even though Duarte et al. (2018) managed to isolate A. welwitschiae from the soil
around the root zone of Agave sisalana and also proved that the disease can be established from
wounds in the leaf basis, it would not be mutually exclusive that A. welwitschiae is part of the
healthy microbiota of sisal and is also switching from an endophytic to a necrotrophic lifestyle
besides switching from saprotrophy in the soil (Figure 3A). The presence of A. welwitschiae in
the soil would also agree with the model for Fusarium oxysporum presented by Redkar et al.
(2022) (Figure 3B). In this hypothesis, the fungal spores around the root surface start developing
hyphae toward the root center, triggered by root signals (1% figure). An endophytic phase
follows, in which the fungus survives in the apoplast and explores the plant tissue using CAZy
(2" figure). Finally, a necrotrophic phase is established when the fungus reaches the epidermis
and the xylem (3" figure). In the case of A. welwitschiae in sisal, we also know that there is a
tropism to the bole (stem), which is sugar-rich, and that disease symptoms are delimited to that

tissue.
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OBJECTIVES
General aim

This research aimed to describe new and known species directly and indirectly
associated with sisal (Agave sisalana, Agave fourcroydes, and Agave Hybrid 11648), and bring
relevant aspects of its main pathogen, Aspergillus welwitschiae through in silico and molecular
techniques.

Specific aims

e Describe the viral content associated with sisal plants through transcriptomics (RNA-
Seq);

e Understand the intra- and interspecies relationships of the sisal pathogen Aspergillus

welwitschiae through phylogenomics;

e Screen genes under positive selection in this fungal pathogen that could have a role in
disease progression through functional annotation and adequate evolutionary models;

e Create a molecular marker for the presence of the pathogen based on unique genomic
regions through orthology tests;

e Describe the secondary metabolism gene clusters in the genome of the pathogen,

highlighting shared and unique clusters through functional annotation;

e Verify secondary metabolites produced under common cultivation conditions through

high-performance liquid chromatography (HPLC).
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Chapter Il — The Sisal Virome: Uncovering the Viral Diversity of Agave Varieties Reveals
New and Organ-Specific Viruses.

RESUMO: Sisal € um nome comum para diferentes variedades de plantas do género Agave
(especialmente Agave sisalana) usadas para a extragcdo de fibras naturais de folhas de alta
qualidade. Apesar do valor econdmico dessas plantas, ainda falta informacdo sobre a
diversidade de virus (viroma) em espécies ndo-tequilana do género Agave. Neste trabalho, por
meio da associacdo de sequenciamento profundo de RNA e DNA, fomos capazes de identificar
25 espécies virais putativas infectando A. sisalana, A. fourcroydes e Agave Hibrido 11648,
incluindo uma cepa de Cowpea Mild Mottle Virus (CPMMV) e 24 elementos provavelmente
representando novos virus. A analise filogenética indicou que eles pertencem a pelo menos seis
familias virais: Alphaflexiviridae, Betaflexiviridae, Botourmiaviridae, Closteroviridae,
Partitiviridae, Virgaviridae, e trés grupos distintos ndo classificados. Observamos maior riqueza
de taxons virais nas raizes em comparacao com folhas e caules. Além disso, folhas e caules sdo
muito semelhantes em termos de diversidade, com um ndmero menor de taxons e
predominancia de uma unica espécie viral. Finalmente, aproximadamente 50% dos virus
identificados foram encontrados em todos os 6rgdos de Agave investigados, o que sugere que
provavelmente causam uma infeccdo sisttémica. Este é o primeiro estudo de
metatranscriptdmica focado na identificacdo viral em espécies do género Agave. Apesar de
termos analisado individuos assintomaticos, identificamos diversos virus que supostamente
infectam espécies de Agave, incluindo espécies especificas de Orgdos e sistémicas.
Surpreendentemente, alguns desses virus putativos provavelmente estdo infectando
microrganismos que compdem a microbiota da planta. Como um todo, nossos resultados
reforcam a importancia de estratégias imparciais para a identificacdo e monitoramento de virus
em espécies vegetais, inclusive aquelas com fendtipos assintomaticos.

Palavras-chave: viroma; metatranscriptdmica; Agave.



microorganisms

Article

The Sisal Virome: Uncovering the Viral Diversity of Agave
Varieties Reveals New and Organ-Specific Viruses

Gabriel Quintanilha-Peixoto !, Paula Luize Camargos Fonseca
Dener Eduardo Bortolini !, Piotr Mieczkowski 3, Roenick Proveti Olmo
Christian A. Voigt 5, Ana Cristina Fermino Soares ®, Goncalo Amarante Guimaraes Pereira 2,
Aristételes Gées-Neto '* and Eric Roberto Guimaraes Rocha Aguiar

check for

updates
Citation: Quintanilha-Peixoto, G.;
Fonseca, PL.C; Raya, F.T.; Marone,
M.P; Bortolini, D.E.; Mieczkowski, P,;
Olmo, R.P; Carazzolle, M.F,; Voigt,
C.A.; Soares, A.C.E; et al. The Sisal
Virome: Uncovering the Viral
Diversity of Agave Varieties Reveals
New and Organ-Specific Viruses.
Microorganisms 2021, 9, 1704.
https://doi.org/10.3390/

microorganisms9081704

Academic Editors: Déniel Cadar and

Krisztian Banyai

Received: 31 May 2021
Accepted: 1 August 2021
Published: 10 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 2

, Fabio Trigo Raya 2{%, Marina Pupke Marone 25,

1,405 Marcelo Falsarella Carazzolle 2,
2

7,%

Institute of Biological Sciences, Universidade Federal de Minas Gerais, Belo Horizonte 31270-901, Brazil;
gabrielqpx@ufmg.br (G.Q.-P.); camargos.paulaluize@gmail.com (P.L.C.E); gigatonn@gmail.com (D.E.B.);
Roenick@gmail.com (R.P.O.)

Department of Genetics and Evolution, Institute of Biology, Universidade Estadual de Campinas,
Campinas 13083-872, Brazil; fabioraya@gmail.com (F.T.R.); marina.marone@gmail.com (M.P.M.);
mcarazzo@unicamp.br (M.E.C.); goncalo@unicamp.br (G.A.G.P.)

High-Throughput Sequencing Facility, School of Medicine, University of North Carolina at Chapel Hill,
Chapel Hill, NC 27516, USA; Piotr_Mieczkowski@med.unc.edu

4 CNRS UPR9022, INSERM U1257, Université de Strasbourg, 67084 Strasbourg, France

BASF Innovation Center Gent, 9052 Gent, Belgium; christian.voigt@basf.com

Center of Agricultural, Environmental and Biological Sciences, Universidade Federal do Reconcavo da Bahia,
Cruz das Almas 44380-000, Brazil; acsoares@ufrb.edu.br

Center of Biotechnology and Genetics, Department of Biological Science,

Universidade Estadual de Santa Cruz, Ilhéus 45662-900, Brazil

*  Correspondence: arigoesneto@icb.ufmg.br (A.G.-N.); ericgdp@gmail.com (E.R.G.R.A.)

Abstract: Sisal is a common name for different plant varieties in the genus Agave (especially Agave
sisalana) used for high-quality natural leaf fiber extraction. Despite the economic value of these
plants, we still lack information about the diversity of viruses (virome) in non-tequilana species
from the genus Agave. In this work, by associating RNA and DNA deep sequencing we were able
to identify 25 putative viral species infecting A. sisalana, A. fourcroydes, and Agave hybrid 11648,
including one strain of Cowpea Mild Mottle Virus (CPMMYV) and 24 elements likely representing new
viruses. Phylogenetic analysis indicated they belong to at least six viral families: Alphaflexiviridae,
Betaflexiviridae, Botourmiaviridae, Closteroviridae, Partitiviridae, Virgaviridae, and three distinct
unclassified groups. We observed higher viral taxa richness in roots when compared to leaves and
stems. Furthermore, leaves and stems are very similar diversity-wise, with a lower number of taxa
and dominance of a single viral species. Finally, approximately 50% of the identified viruses were
found in all Agave organs investigated, which suggests that they likely produce a systemic infection.
This is the first metatranscriptomics study focused on viral identification in species from the genus
Agave. Despite having analyzed symptomless individuals, we identified several viruses supposedly
infecting Agave species, including organ-specific and systemic species. Surprisingly, some of these
putative viruses are probably infecting microorganisms composing the plant microbiota. Altogether,
our results reinforce the importance of unbiased strategies for the identification and monitoring of
viruses in plant species, including those with asymptomatic phenotypes.

Keywords: virome; metatranscriptomics; Agave

1. Introduction

Sisal is a common name for different species and hybrid varieties in the genus
Agave (especially Agave sisalana) cultivated worldwide for the production of hard nat-
ural fibers [1,2]. In Brazil, the greatest producer of sisal fibers, sisal-producing areas are
concentrated in the Northeastern region of the country, especially in the state of Bahia [3],
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followed by the states of Paraiba and Pernambuco [4]. The semi-arid portion of this region,
known as the Caatinga biome, bears a high richness of highly adapted species, in all the do-
mains of life [5,6]. Although the cultivated Agave species are not native to that region, they
are adapted to the specific environmental conditions of this area, including low rainfall,
high temperatures, and low aboveground biomass coverage [7]. These traits of resistance
to abiotic stresses make sisal one of the few cultivation options available in the Caatinga
biome, historically neglected in infrastructure projects.

Viral infections in plants may cause damage to specific structures, such as the photo-
synthetic apparatus in the leaves [8], the roots system [9], and also in growth and develop-
ment, as in early flowering, often used to accelerate yielding [10]. In sisal, these forms of
damage could harm fiber quality, which is the main commercial and valuable trait in these
Agave species. Studies in other economically important plants, such as grapevine, revealed
that the viral diversity goes beyond pathogenic species, which broadens our knowledge
of plant viruses [11,12]. Therefore, the study of neglected cultures could provide not only
a better perspective of viral diversity in economically relevant individuals and related
species but also a glimpse of the real circulation of viruses in the region where it is grown.

Sisal and other plants, as all known domains of life, are susceptible to viral infection.
Nonetheless, the knowledge on viruses infecting non-tequilana species in the genus Agave is
very scarce and restricted to low-throughput strategies, with only a few published articles
describing infections on sisal until this date. Pinkerton and Bock (1969) [13] indicated
(but did not confirm) viruses as the causative agent of the parallel streak of sisal in Kenya;
Galvez et al. (1977) [14] described the Necrotic streak virus in the genus Furcraea (not to be
confused with Agave fourcroydes, one of the plant taxa in the present study), later described
in-depth by Morales et al. (1992) [15]; and Izaguirre-mayoral et al. (1995) [16], which
described the infection of Cactus X virus on A. sisalana. In a more recent record, Chabi-Jesus
etal. (2019) [17] described the presence of the Citrus Chlorotic Spot virus in Agave desmettiana
individuals. Hence, the real diversity of viruses associated with sisal and its respective
associated In these cases, different metagenomics strategies have been applied, including
small RNA (sRNA) sequencing [18-21], DNA sequencing [22], simultaneous extraction of
microorganisms and surroundings is still unclear. As mentioned before, different works in
other plant species show an abundant viral diversity, such as those observed in lilies [20],
grapevines [23], and peaches [24], including those of viruses infecting plant-associated
microorganisms [25,26]. DNA and RNA followed by digestion with RNases/DNases [27],
and even amplification-based methods [28]. Among them, the next-generation sequencing
of RNA (metatranscriptomics) has been consolidated as an important unbiased strategy
for virome studies [23,29,30]. Indeed, this strategy allows the detection of almost all viral
species, since most of the viruses are made of or produce RNA molecules during replication,
which would not be detected using DNA deep sequencing.

Therefore, our study focused on uncovering the viral diversity of Agave species using
metatranscriptomics. We investigate three different Agave cultivars used for fiber extraction
(A. fourcroydes, A. sisalana and Agave Hybrid 11648) collecting samples from three different
organs (leaves, stems, and roots) in biological triplicates. Using this approach in association
with DNA deep sequencing to filter out endogenous elements, we identified 25 putative
viral species in asymptomatic Agave individuals, including the known species Cowpea
Mild Mottle Virus (CPMMYV) and 24 previously unknown viral species, belonging to at
least six viral families: Alphaflexiviridae, Betaflexiviridae, Botourmiaviridae, Closteroviridae,
Partitiviridae, Virgaviridae and three distinct unclassified viruses. A. fourcroydes displayed
the highest diversity among the three Agave taxa while the roots were the plant organ with
the highest viral diversity. We also observed discrepant abundance for the same virus
among different organs, highlighting replication strategy preferences, such as observed for
Sisal-associated Closterovirus A (higher in leaves and stems) and Sisal-associated Virgavirus
C (higher in roots). Altogether, our results highlight both the importance of unbiased
high-throughput strategies for the discovery of new viral species and also the relevance of
screening asymptomatic plants for obtaining a more realistic viral diversity scenario.
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South America

2. Materials and Methods
2.1. Sample Origin, Transcriptome Sequencing, Assembly, and Quantification

In this study, we investigated the sisal virome using transcriptomic datasets previously
generated by Raya et al. (2020) [29]. Our samples were extracted from sections of the
leaves, stems, and roots from three different seven-year-old adult plants of A. sisalana, A.
fourcroydes, and the Agave hybrid 11648 ((A. amaniensis x A. angustifolia) x A. amaniensis)
collected at the EMBRAPA collection in Monteiro, in the state of Paraiba, Brazil (07°53' S;
37°07' W, elevation: 619 m). For all cultivars, leaves (central fraction of the proximal-
distal axis), roots, and stems were sampled from seven-year-old healthy adult plants. For
each cultivar, three biological replicates growing side-by-side were sampled. To maintain
leaf maturity equivalency within the cultivars, we sampled the fifth leaf counted from
the central spike of each plant. Although the plants were maintained in the field and
exposed to long drought periods typical of the Caatinga biome, all the collected individuals
were healthy, with the leaves showing homogenous green coloration, with no visible
symptoms of diseases (necrosis, chlorosis, spots, etc.). Total RNA was extracted according
to the protocol described by Zeng and Yang, (2002), with the modifications proposed by
Le Provost et al. (2003) [30]. mRNA library preparation and sequencing were done at
the High-Throughput Sequencing Facility of the Carolina Center for Genome Sciences
(University of North Carolina at Chapel Hill, NC, USA). The libraries were prepared using
the KAPA Stranded mRNA-Seq kit (07962193001) for Illumina platforms following the
manufacturer’s protocol, using 1 ug total RNA. The sequencing was done on the Illumina
HiSeq 4000 system, generating 50 bp paired-end reads. More details can be found in
Raya et al. (2020) [29]. The DNA Libraries, one for each Agave taxon, were prepared using
the KAPA Hyper Prep Kit (07962312001) following the manufacturer’s instructions. For
the library preparation, 1000 ng of fragmented DNA (average size ~280 bp) was used.
Subsequently, the three DNA libraries were pooled together and sequenced with the
INlumina HiSeq 4000 system. The transcriptome was de novo assembled using Trinity
v. 2.5.1 for each species separately [31]. Transcript quantification was performed using
kallisto v 0.44.0 [32], and ORF prediction was carried out with TransDecoder v. 5.0.2 [33].
An overview of the methods can be found in Figure 1.
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Figure 1. Strategy applied to uncover the virome of Agave species. The dot in the map indicates the localization of Monteiro,

in the state of Paraiba. Agave fourcroydes, Agave sisalana and Agave Hybrid 11648 (and their respective organ samples) are

indicated in different tones of green, for differentiation purposes. The following methods are indicated in the lower portion

of the figure; RNA extraction, DNA extraction, high-throughput sequencing in the Illumina platform, and bioinformatics

analysis (see further details in the Material and Methods section).

2.2. Identification of Virus-Derived Sequences

Sequence similarity searches were performed similarly for all the Agave transcrip-
tomes. Assembled transcripts were aligned to the nucleotide (NT) database of GenBank
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(available online: ftp://ftp.ncbi.nlm.nih.gov/blast/db/, accessed on 14 April 2020) using
BLASTnN [34], keeping only the best hit (with the -max_target_seqs flag set to 1) for each
sequence. Viral hits were used to identify transcripts possibly derived from viruses present
in the samples. The closest reference viral genomes whose transcripts displayed similarity
at nucleotide level were obtained from GenBank and used to align the transcripts back
using BLASTn to assess genome coverage. To create coverage plots, those transcripts
were sampled with sample.py (available on Supplementary Materials) and aligned to a
full viral genome with Bowtie2 [35], and, subsequently, formatted with Samtools [36]
and visualized with IGV [37] and Mauve [38]. The plant variety containing the largest
number of transcripts aligned to the reference viral genome was chosen to obtain a full
consensus-based genome. Pre-processed reads were aligned to the reference viral genome
with Bowtie2 as previously described, and the output SAM file was analyzed with both
Samtools and BCFtools to generate a consensus sequence in FASTA format file representing
the reconstituted viral genome.

Contigs that did not exhibit significant similarity with reference genomes in public
databases, at the nucleotide level (BLASTn requiring e-value <1x 107> against NCBI NT
database), were compared against the non-redundant (NR) database of GenBank (available
online: ftp:/ /ftp.ncbi.nlm.nih.gov/blast/db/, accessed on 14 April 2020) with the BLASTx
module of Diamond [39], and viral hits were selected considering E-value < 1 x1073.
Contigs from different libraries that displayed matching regions with the same viral se-
quences were submitted to redundancy removal and contig extension using CAP3 [40].
Non-redundant contigs were further analyzed to investigate possible conserved domains
using HMMER [41].

2.3. Manual Curation and Detection of Endogenous Viral Elements

In order to distinguish whether viral sequences were derived from an endogenous or
exogenous origin, we sequenced three (one for each Agave taxa) DNA libraries from the
leaves of the same individuals from which we produced the transcriptomes. Genomic DNA
was prepared using the KAPA Hyper Prep Kit (07962312001) following the manufacturer’s
instructions. For the library preparation, 1 ug of fragmented DNA with an average length
of 280 bp was used as input material, and then four PCR cycles were used for amplification.
Libraries were sequenced with Illumina HiSeq 4000 platform Finally, to investigate the
origin of possible viral sequences, raw genomic reads were aligned to the candidate viral
genomes using Bowtie2 allowing zero mismatches. Removal of false-positive results was
adapted from Aguiar et al. (2015) [42]. Briefly, we removed sequences presenting similarity
with retroviral elements, containing truncated ORFs and viral transcripts assigned to non-
retroviral families that presented alignment from DNA sequencing libraries (at least 10 reads
covering 70% sequence) were considered derived from endogenous viral elements (EVEs).

2.4. Phylogenetic Analysis

A classification-based method was developed to stipulate the confidence levels of
the detected species, and those sequences suitable for phylogenetic analysis. From lower
confidence to higher confidence: Class 0 would comprise viral species with no RNA-
dependent RNA polymerase (RdRp) sequence detected, Class 1 would comprise elements
in which a partial RdRp sequence (<500 bp) was found accompanied or not by other viral
proteins, Class 2 would encompass viruses with large fragments (>500 bp) of RdRp, while
Class 3 would consist of viral species containing a large fragment (>500 bp) of RdRp and
some other viral protein (except for the coat protein). Finally, Class 4 consists of viral species
with a large fragment (>500 bp) of RdRp and the coat protein detected, with the facultative
presence of other viral proteins. The species classified within Classes 2—4, were then
selected for phylogenetic analysis. Then, assembled contigs that showed similarity with
RdRp were translated into amino acid sequences and aligned with related viral sequences
available in NCBI public protein database [43] using MAFFT [44]. The accession numbers
of the viral sequences used in this study are listed in Table S1. The protein best-fit model
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was selected for each alignment file using ProtTest 3.2, considering the Akaike information
criterion (AIC) [45]. Maximum likelihood (ML) trees were constructed in MEGA X [46]
with 1000 bootstrap replicates for evaluating branch support. The trees were mid-point
rooted and edited in FigTree (available online: http:/ /tree.bio.ed.ac.uk/software/figtree/,
accessed on 14 April 2020) and Geneious Prime 2020 1.2. (available online: https://www.
geneious.com, accessed on 14 April 2020).

2.5. Diversity Analysis

The quantification metrics for selected viral contigs (in tpm—transcripts per million)
were obtained from kallitsto [32]. The resulting expression matrix was analyzed with the
packages vegan and vegetarian from R [47], while PCA analysis and diversity indices were
produced with PAST [48] using as variables the viral expression of our 25 species on the
three analyzed organs (leaves, stems, and roots) for each of the three Agave taxa. For the
PCA analysis, quantitative data from kallisto were used, while for the diversity indices, a
presence-absence matrix was generated.

3. Results
3.1. Identification of Virus-Derived Sequences

In this study, we took advantage of RNA deep sequencing to identify and characterize
the virome of Agave taxa. We deep sequenced 27 RNA libraries from two plant species, and
a hybrid variety (three plant taxa x three organs x three replicates for leaf, stem, and root
tissues), totalizing 559,267,611 raw reads (Table 52). Transcriptome assemblies produced
251,953 contigs, considering all libraries. Sequence similarity searches revealed that the
percentage of viral sequences (not considering contig extension with CAP3) represented
~0.02% of all transcripts assembled for almost all the organs and varieties, with exception
of the roots of Agave fourcroydes (0.04%) and Agave Hybrid 11648 (0.03%) and the leaves of
Agave Hybrid 11648 (0.01%) (Figure 2). From the total, 10 contigs showed similarity with
viruses at the nucleotide level (Tables S3 and S4), and 80 contigs (extended with CAP3)
showed similarity with viral sequences at amino acid level, compared against NCBI se-
quence databases NT and NR, respectively (Tables S3 and S5). These initial 90 viral contigs
identified by sequence similarity suggested the presence of 28 viral species associated with
the sisal samples, including one known species (CPMMYV) and 27 new viral species, which
were assigned to at least seven viral families; Alphaflexiviridae (three species, four contigs),
Betaflexiviridae (seven species, 22 contigs), Botourmiaviridae (two species, two contigs),
Closteroviridae (one species, eight contigs), Mitoviridae (one species, five contigs), Parti-
tiviridae (one species, one contig), Virgaviridae (three species, 19 contigs), and Unclassified
species including Unclassified dsRNA (four species, 12 contigs), Unclassified Riboviria
(one species, two contigs), or simply Unclassified (four species, 13 contigs). Details about
sequence similarity searches can be visualized in Table S5.

3.2. Manual Curation and Detection of Endogenous Viral Elements

In our analysis, we took different precautions to avoid the occurrence of false-positive
sequences, a major problem in virome studies, which usually corresponds to either poorly
assembled /annotated sequences and/or endogenous viral elements (EVEs) (detailed in
methods). Firstly, we sequenced genomic DNA from all three plant taxa to verify if any
of our contigs assigned to viruses would be derived from EVEs. We also analyzed top
similarity hits considering the online version of NCBI Blast (which uses the most updated
versions of amino acid databases), the ORF profile, the existence of conserved domains, the
contig length, and the presence of proteins encoding to polymerase and coat proteins.
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Figure 2. Overview of sequence similarity searches. The bar plots indicate the non-normalized values of viral, unknown,
and other (non-viral) contigs in the nine analyzed samples. Color keys are indicated in the figure. Percentages are indicated
inside color bars or on the right side, for viral contigs values. “Unknown” represents sequences with no significant hit at
NCBI nucleotide and protein databases, while “non-viral” indicates sequences with hits with any other organism but viral.

Our manual curation discarded 13 contigs initially detected as viral, which were
named with the prefix disc plus a number for identification (Table S6), three of which (disc1,
disc2, and disc3, showing similarity with the RARp of Macrophomina phaseolina tobamo-like
virus (disc1) and the putative proteins P31 and P33 of Pistachio ampelovirus A (disc2 and
disc3), respectively). These transcripts presented counts in the genomic DNA sequencing
and/or the presence of non-viral domains. One contig was discarded based solely on the
detection of non-viral protein domains (originally showing similarity with a movement
protein of Podosphaera prunicola tobamo-like virus), and the three remaining contigs with
neither protein domains nor hits with viral sequences using the web version of NCBI
BLASTXx (originally showing similarity with a hypothetical protein of Aspergillus foetidus
dsRNA mycovirus, and the RARp of Aspergillus mycovirus 341 and Helicobasidium mompa
partitivirus V1-2). Five other contigs putatively derived from mitoviruses displayed counts
on DNA sequencing and were also discarded. Twenty-four possible new viral species
were left after false-positive results were removed. To stipulate the confidence levels of the
species detected in our analyses, we developed a classification-based system consisting of
five classes and used this method to select species for further phylogenetic characterization
(Table S7). From lower confidence to higher confidence: Class 0 comprises viral species
with no RdRp sequence detected (two viral species), Class 1 comprises elements in which a
partial RdRp sequence (<500 bp), found accompanied or not by other viral proteins (10 viral
species), Class 2 encompasses viruses with large fragments (>500 bp) of RdRp (eight viral
species), while Class 3 consists of viral species containing a large fragment (>500 bp) of
RdRp and some other viral protein (except for the coat protein) (one viral species), and
finally, Class 4 is made up of viral species with a large fragment (>500 bp) of RdRp and
the coat protein detected, with other viral proteins being facultative (four viral species)
(Table S7). The species classified within Classes 2—4 (13 viral species) were selected for
phylogenetic analysis.
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3.3. Reconstitution of Cowpea Mild Mottle Virus (CPMMYV) Strain Associated with Agave Species

Sequence similarity searches revealed 10 contigs showing high similarity and iden-
tity with CPMMYV at the nucleotide level, of which one of them (assembled from Agave
fourcroydes) was 3600 nt-long. Thus, we decided to apply a reference-based strategy to
reconstruct the whole genome of this Agave-derived lineage (Figure S1, Tables S3 and S4)
taking advantage of the libraries derived from Agave fourcroydes to obtain the full viral
genome of the sisal isolate of CPMMYV. As seen in Figure S2, raw RNA reads covered 100%
of the closest reference genome, with some genetic variability between the reference and
our isolate, which probably reflects the real variation between strains but did not impact the
structural annotation of our CPMMYV strain (Table S4, Figure S3). The full genome sequence
(8193 nt) of the sisal Cowpea mild mottle virus isolate PB:AF (Carlavirus, Betablexiviridae) is
available on GenBank under the accession code MZ329767.

3.4. Phylogenetic Characterization of New Viral Sequences

In order to further assess the phylogenetic relationship between Agave-associated
viruses and related species in public reference databases, we selected all the species be-
longing to Classes 2—4 to perform phylogeny, which included 13 putative viral species
(Figure 3A—C). Among these 13 species, five were assigned to the family Betaflexiviridae
(Figure 3A): Sisal-associated Betaflexivirus A (phylogenetically closer to Cowpea mild mottle
virus, a broad-host-range plant-infecting species also found in our samples); Sisal-associated
Betaflexivirus B and Sisal-associated Betaflexivirus C formed a separate clade, phylogenet-
ically closer to a clade including the Grapevine Pinot gris virus and others, all of which
characterized as plant-infecting species; Sisal-associated Betaflexivirus E was closer to a clade
including the Agave tequilana leaf virus (virus identified in a species related to the Agave
species investigated in our study), Heracleum latent virus, and seven other viral species in-
fecting grapevine. Three viral species were assigned to the family Virgaviridae (Figure 3B):
Sisal-associated virgavirus A was closer to Luckshill virus, a virus found in Drosophila suzukii,
according to Medd et al. (2018) [49]; Sisal-associated Virgavirus B (closer to two grapevine
viruses), and Sisal-associated Virgavirus C (closer to oomycete-infecting viruses and my-
coviruses). Three species were designed to clades containing viruses described solely as
“Unclassified’, besides one Unclassified dsRNA virus (Figure 3C): Sisal-associated Unclassified
virus B, Sisal-associated Unclassified virus C, Sisal-associated Unclassified virus E, and Sisal-
associated Unclassified dsSRNA virus C. The family Closteroviridae were represented by one
species (Figure 3B): Sisal-associated Closterovirus A. Usually, viral species were assigned
to the same family of its closest related virus identified by sequence similarity searches,
except for Sisal-associated Virgavirus B, which was initially described as unclassified, but
further phylogenetic analysis indicates it is an element from the Virgaviridae family, simi-
larly to Sisal-associated Unclassified dsSRNA virus, initially only classified as Riboviria. After
performing the phylogeny, based on phylogenetic relationships and sequence similarity
results we settled the identity and named our 24 putative new viral species, as described in
Table 1. We also constructed a phylogenetic tree to analyze the obtained CPMMYV isolate,
which is available in Figure S4. Interesting, we observed the CPMMYV identified in Agave
species is closely related to other isolates identified in Brazilian samples. Furthermore, we
observed a great number of CPMMYV isolates derived from different species, indicating the
broad range of hosts that the virus can infect. The accession codes for other viral sequences
are available in Table S8.
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Figure 3. Phylogenetic analysis of high-confidence viral sequences identified in Agave species. Phylogenetic trees contain
13 selected species, highlighted in blue. (A) Family Betaflexiviridae. In blue; Carlavirus. In green; Trinivirinae. In
yellow; unclassified Betaflexivirus. (B) +ssRNA (positive sense, single-stranded RNA), in red. In orange; Ampelovirus.
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Table 1. Viral species assignments according to sequence similarity searches and phylogeny. Columns indicate (i) the family
indicated by phylogeny, (ii) the family of the best BLASTx hit (columns merged when results are identical), (iii) the species
of the best BLASTx hit, and (iv) the new species name.

Family (BLAST) Family (Phy) Species Hit (BLASTx) New Name
Unclassified - Actinidia seed-borne latent virus Sisal-associated Unclassified virus A
Unclassified Agaricus bisporus virus 5 Sisal-associated Unclassified virus B
Unclassified Agaricus bisporus virus 6 Sisal-associated Unclassified virus C
Alphaflexiviridae - Alternanthera mosaic virus Sisal-associated Alphaflexivirus A
Unclassified dsRNA - Alternaria alternata virus 1 Sisal-associated Unclassified dsRNA virus A
Betaflexiviridae Apple stem pitting virus Sisal-associated Betaflexivirus A
Unclassified dsRNA - Aspergillus foetidus dsRNA mycovirus Sisal-associated Unclassified dsRNA virus B
Unclassified - Aspergillus heteromorphus alternavirus 1 Sisal-associated Unclassified virus D
Virgaviridae Botryosphaeria dothidea tobamo-like virus Sisal-associated Virgavirus A
Alphaflexiviridae - Cassia mild mosaic virus Sisal-associated Alphaflexivirus B
Unclassified Virgaviridae Citrus virga-like virus Sisal-associated Virgavirus B
Betaflexiviridae Diuris virus A Sisal-associated Betaflexivirus B
Betaflexiviridae Grapevine Pinot gris virus Sisal-associated Betaflexivirus C
Unclassified Riboviria - Grapevine virga-like virus Sisal-associated Ribovirus A
Betaflexiviridae Grapevine virus G Sisal-associated Betaflexivirus D
Betaflexiviridae Grapevine virus H Sisal-associated Betaflexivirus E
Unclassified Halhan virus 3 Sisal-associated Unclassified virus E
Virgaviridae Macrophomina phaseolina tobamo-like virus Sisal-associated Virgavirus C
Alphaflexiviridae - Nerine virus X Sisal-associated Alphaflexivirus C
Closteroviridae Pistachio ampelovirus A Sisal-associated Closterovirus A
Botourmiaviridae - Plasmopara viticola associated ourmia-like virus 29 Sisal-associated Botourmiavirus A
Botourmiaviridae - Plasmopara viticola associated ourmia-like virus 6 Sisal-associated Botourmiavirus B
Virgaviridae - Podosphaera prunicola tobamo-like virus Sisal-associated Virgavirus D
Unclassified Riboviria Un;;;?iiEd Stemphylium lycopersici mycovirus Sisal-associated Unclassified dsRNA virus C

3.5. Viral Diversity in Agave Species

In order to further investigate and better understand the viral diversity in our samples,
we performed diverse statistical tests (Appendix A). First, we analyzed data normality
with Shapiro-Wilk tests and assessed statistical differences among organs with the Kruskal-
Wallis test, considering both individual differences in viral diversity and whole viral
composition considering viral abundance. Our results (available on Supplementary Materi-
als) indicate that there is no significant difference when comparing the same organs (leaves,
stems, roots) among the three sisal taxa. Nonetheless, when comparing the diversity of the
organs in the same plant taxa, different patterns could be observed. In Agave fourcroydes,
the roots displayed a significant difference from the leaves (Kruskal-Wallis test p-value
0.003377) and stems (Kruskal-Wallis test p-value 0.003723), while in Agave Hybrid 11648
the leaves were statistically different from the other organs (Kruskal-Wallis test p-values
0.03518 and 0.006339, when comparing against stems and roots, respectively). In Agave
sisalana, no statistical differences were detected among distinct organs. Considering these
results, we decided to portray the results at the organ level, instead of the plant taxa
level. Our gamma diversity was 25 viral species, divided with an average alpha species
richness of 10.66 species per sample (Table S9). The entropy (Shannon diversity index)
in our samples varied greatly. Low values, such as seen in the leaves and stems of A.
sisalana, and the leaves of Agave Hybrid 11648, indicated low richness (in the leaves) or
a high dominance of a single species, in this case, the Sisal-associated Closterovirus A. The
average dominance was lower in the roots, which exhibited a higher richness of species
more equally distributed, represented here by the values of evenness (a value based on
how similar are the abundance of each species in a sample and the equitability (Simpson’s
Diversity Index, a value between 0 and 1 based on the richness and relative abundances in
a sample). These values, followed by high dominance, were higher in the leaves and stems
of A. sisalana. Our principal component analysis (PCA, Figure 4) allowed us to assess the
divergence among viral profiles for the three distinct organs analyzed for each of the three
Agave taxa. We noticed that roots showed the highest divergence among samples, followed
by A. sisalana leaves and stems. On the other hand, all the other samples displayed a similar
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Figure 4. Principal component analysis of virus abundance in Agave organs. Viral species were used according to their
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The richness of viral families varied in all the three organs; however, two viral families
represent over 50% of richness in leaves and stems (Figure 5A,B): Betaflexiviridae (repre-
sented by five viral species) and Closteroviridae, which was represented by a single species
(Sisal-associated Closterovirus A). The roots (Figure 5C) were dominated by viruses from
Virgaviridae and exhibited the highest proportion of Unclassified viral species reaching up
to 17.5%. We also noted that the roots were the most diverse organ (Figure 6, Table S9), with
the number of taxa in all the three plant varieties above the mean alpha species richness of
11.66 species per sample. In addition, roots formed a separate clade based on viral species
presence/absence (Figure 6), especially due to the Agave fourcroydes roots, which possessed
the greatest richness of all the organs (19 species) with a low dominance (0.3983).

3.6. Organ Tropism of Agave-Infecting Viruses

Abundance assessment of the viral species in each organ showed that a few viral
species seem to present systemic infection while others seem to be restricted to a specific
organ (Figure 5E). Sisal-associated Closterovirus A dominates all leaves and stems, and also
the roots of A. sisalana, in which it shares dominance with Sisal-associated Virgavirus C
that has the major contribution in the other root samples, of A. fourcroydes and Agave
Hybrid 11648. The top 12 species with higher transcriptional activity, shown in Figure 5E,
represent most of the total abundance in all the organs, while the other 13 species are
responsible only for a small portion of viral abundance including the roots of Agave Hybrid
11648, where this group of species displays higher abundance than all the other organs.
Figure 6 also shows that fewer viral species can be identified in leaves and stems, with
only one species exclusively restricted to leaves (Sisal-associated Unclassified virus A), two
species uniquely found in the stems (Sisal-associated Botourmiavirus A and Sisal-associated
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Botourmiavirus B), and other five viral species were restricted to the roots (Sisal-associated
Unclassified dAsSRNA virus A, Sisal-associated Unclassified virus C, Sisal-associated Virgavirus D,
Sisal-associated Alphaflexivirus C, and Sisal-associated Alphaflexivirus B). It is relevant to point
out that we observed a high number of putative viruses, 12 species, in co-infection in all
three distinct plant organs, which likely indicate they can produce systemic infection.

A (Leaves) B (Stem) 14.9% E (Relative abundance)
28.7%
100.
75
68.9% 61.7% o
‘,,E, 50
C (Roots) D (Total) g
10.5% 24.2% &
11.2% g
5.7% °
1.3%
9% 25
3% A
AT R S e S
LB S N PR R R \ S -\
=3 S o S 3o nd
B (27 (2 a?® a0 o g g™ e
59.3%
Viral Species
W Sisal-associated Unclassified virus B B Cowpea Mild Mottle Virus
) o '_ IR e \ Sisal-associated Unclassified virus C W Sisal-associated Betatlexivirus D
Cl [ | || Ip g || Sisal-associated Alphaflexivirus A Wl Sisal-associated Virgavirus C
Sisal-associated Betaflexivirus A Sisal-associated Clost irus A
Unc. Riboviria Unc.dsRNA [ Unclassified 0 W Sisa-associated Unclassified dsRNA virus B = s:,_am,:,ed U::,:srsmsdsnm virus C
W Sisal-associated Virgavirus A I Other

Figure 5. Viral abundance of Agave-associated viruses by organ. Pie charts indicate viral family abundance by expression
in tpm, in (A): leaves, (B): stems, (C): roots, and (D): in total. Values are summed for all plants. (E): The stacked bar plot
indicates the relative abundance of the top 12 expressed viral species in each organ.

I sisal-associated Unclassified dsRNA virus C
Sisal-associated Unclassified virus D
[ I sisal-associated Unclassified virus A
Sisal-associated Unclassified dsRNA virus A
I sisal-associated Unclassified virus C
Sisal-associated Alphaflexivirus B

I sisal-associated Alphaflexivirus C

[ |
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Sisal-associated Ribovirus A
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Sisal-associated Virgavirus B
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Figure 6. Organ tropism of Agave-infecting viruses. Colors indicate the presence (yellow) or absence
(grey) of viral species over plant organs.
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4. Discussion

Plants, such as all the known living organisms, are susceptible to viral infections.
Some viral infections are cryptic, i.e., a given virus infects a host with no apparent
symptoms [50,51]. In this study, we have described 25 cryptical viral species associated
with three plant taxa in the genus Agave: Agave fourcroydes, Agave sisalana and Agave hy-
brid 11648 using RNA-sequencing and genomic DNA sequencing for curation. The use
of metagenomics-based approaches for the discovery of viral species is seen in research
conducted by Charon et al. [52], and Wolf et al. [53], and also reviewed by Greninger [54],
Maclot et al. [55], and Shi et al. [56]. In our methods, we also discarded false-positive results
and endogenous elements (EVEs). The plants were grown in a genetic collection, located in
an area with very typical climatic and soil conditions of the sisal producing areas in Brazil.
To the best of our knowledge, this is the first unbiased virome study in the genus Agave,
the first virology study in A. fourcroydes and A. hybrid 11648, as well as the first virology
study in A. sisalana since the 1995 study by Izaguirre-mayoral et al. [16], with another two
earlier studies on the viral streak of sisal [13,14]. Among the 25 total species described in
our study, only one is a known species, Cowpea mild mottle virus (CPMMYV), and all the
other 24 are new viral species. Our approach was based on the similarity of transcripts
detected in leaf, stem, and root samples from these three plant taxa to viral nucleotide
sequences and protein domains in public databases, followed by the verification of the
origin of those sequences via genomic DNA sequencing, removal of false positives, and
identity confirmation via phylogeny, when possible.

CPMMYV was the only viral species detected in our samples through sequence simi-
larity search at the nucleotide level (Figures S1-S3, Tables S3 and S4). On the other hand,
searches at the protein level were able to find sequences (our remaining 24 viral species)
sharing lower similarity with known references, thus being considered a new species.
CPMMYV was first identified by Brunt and Kenten in 1973 [57], infecting the Cowpea (Vigna
unguiculata, hence the name) in Ghana, and after that in a broad range of other species
(Phaseolus vulgaris, Glycine max, Nicotiana clevelandii, Theobroma cacao, among others) in vitro.
Symptoms included mild to severe mottle chlorosis followed by leaf necrosis, however,
visually symptomless individuals, as in our case with the Agave species, have been de-
scribed in this same study. Brunt and Kenten also described how this virus was spread by
sap-feeding aphids, however, their results indicate that spreading was dependent on other
viruses, such as the Potato Y virus or Pepper Veinal Mottle virus. Following their discovery,
the whitefly (Bemisia tabacci) is now widely accepted as the sole vector of CPMMYV [58],
and the occurrence of the whitefly in the state of Paraiba is also described in the litera-
ture [59-61], which is suggestive that this insect might also act as the vector for CPMMV
in this environment. Nonetheless, CPMMYV is more expressed in the stems and roots in
all three Agave species, not being detected at any levels in the leaves of A. sisalana or A.
hybrid 11648, and very low levels in the leaves of A. fourcroydes, which is in opposition to
earlier findings for this species, considering the interaction of its vector (the whitefly) with
plant leaves. The isolate PB:AF is also phylogenetically closer to other Brazilian isolates
(highlighted in blue), considering all genomes available for this species so far (Figure 54).
Of note, CPMMYV seems to be a broad range of hosts, since isolates have been identified in
many hosts, such as soybean, the common bean, and papaya.

On average, each of our samples contains around 11 species unevenly distributed
(Table S9), indicating the presence of dominating species, which we describe in detail in
the next paragraphs. In all the three sisal taxa, the roots were the organ with the highest
number of species (richness), ranging from 12 species in the root of A. Hybrid 11648 and
13 in the roots of A. sisalana up to 18 species in the roots of A. fourcroydes, the richest sample
in our analysis (Table S9). We believe this pattern is due to the diversity of associated
microorganisms in the root system [62,63], which are, as the host plant, susceptible to
viral infections. Our species have shown similarity with nine mycoviral species at the
amino acid level with BLASTx. Indications that these species are also mycoviruses include
not only their similarity with known species and phylogeny but also their distribution
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in plant organs, which is especially higher in roots for such species, making the roots
significantly distinct from stem and leaf samples (Figure 5E). The mycoviruses sharing
similarities with our species are Agaricus bisporus virus 5 and Agaricus bisporus virus 6 [64],
Alternaria alternata virus 1 [65], Aspergillus foetidus dsRNA mycovirus [66], Aspergillus het-
eromorphus alternavirus 1 [67], Podosphaera prunicola tobamo-like virus [68], Macrophomina
phaseolina tobamo-like virus [69], Botryosphaeria dothidea tobamo-like virus (unpublished), and
Stemphylium lycopersici mycovirus (unpublished) (Table 1). The occurrence of viral species
showing similarity with Aspergillus mycoviruses, and their pattern of expression (higher
in stems and roots, but also present in leaves) leads us to hypothesize that Aspergillus
welwitschiae, a fungal species which causes the bole rot of sisal [70,71] is also part of the
healthy microbiome of sisal, causing disease through imbalances in plant metabolism,
rather than infecting vulnerable plants from spores in the environment. Such a pattern
has been described in peppermint by Dakin et al. (2010) [72]. Nonetheless, it is also pos-
sible that this species is infecting the plant host, and not some associated fungal species,
following the theories that mycoviruses originated from plant viruses [73] and that these
mycoviruses can replicate in plant cells [74]. We can also hypothesize that such an infection
in A. welwitschiae could modulate pathogenicity by stimulating it, or causing hypovirulence,
as seen in Nuss (2005) [75]. The latter could be a highly promising treatment to the bole rot
of sisal if properly managed.

Identification of our likely mycoviral species reveals four species, out of nine, belong-
ing to the family Virgaviridae, the family with the second-highest number of represented
contigs (Figure 5E). This viral family is commonly described as only infecting plants [76];
however, the first mycovirus belonging to this family was described by [69] and later
by Pandey et al. (2018) [68], and, thus, corroborating our findings. As also described
by Pandey et al. (2018) [68], Podosphaera prunicola tobamo-like virus shows similarity with
Macrophomina phaseolina tobamo-like virus, such as our proposed new species, Sisal-associated
Virgavirus C, which is one of the most highly expressed and dominating viral species in
our samples (Figures 5E and 6), especially in the roots (Figure 5E), while Sisal-associated
Virgavirus D shares similarity with Podosphaera prunicola tobamo-like virus, unique to the
roots. These results reinforce the assertion that the higher species richness in the root
system is related to the microbial species associated with sisal varieties. Furthermore, in
the family Virgaviridae, Sisal-associated Virgavirus B shares similarity with “Citrus virga-like
virus” [77], which is a plant-infecting species, and is expressed in stems and roots of A.
sisalana and A. hybrid 11648 and leaves of A. sisalana). This viral species was, as seen in
Matsumura et al. (2017) [77], isolated from the city of Comendador Gomes, in the state of
Minas Gerais, Brazil. This location is in the Cerrado biome, another endangered Brazilian
biome that shares similarities with the Caatinga biome where our samples came from,
including moderately low rainfall and low aboveground biomass [78].

Besides the aforementioned Citrus virga-like virus and Cowpea Mild Mottle virus, the
other 12 species sharing similarity with our discoveries are plant-infecting viruses. The
most prominent of those species, as seen in Figure 5E, is Sisal-associated Closterovirus A,
the only representative species of the family Closteroviridae, which is the most represented
viral family in our samples, sharing similarity with Pistachio ampelovirus A, first described
by Al Rwahnih et al. (2018) [79]. This species is present in all the samples and plant taxa
(Figures 5E and 6) but is especially highly expressed in A. sisalana (Figure 5E). This +ssRNA
family has been described by Rubio et al. (2013) [80] as transmitted through mealybugs,
aphids, or the whitefly, which is also likely responsible for the presence of CPMMYV in our
samples. The occurrence of mealybugs is described by da Silva et al. in the state of Paraiba,
affecting cultivation of cotton (2013) [81] and peanuts (2018) [82], reinforcing the role of
this insect in the transmission of viral infections in this region. Our results also revealed
six viral species sharing similarities with viruses initially described in grapevines, three
of which belonging to the family Betaflexiviridae (the third most represented family in the
stems, and fourth most represented in leaves and roots); Sisal-associated Betaflexivirus C,
sharing similarity with Grapevine Pinot gris virus, as seen in Giampetruzzi et al. (2012) [51]
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and Sisal-associated Betaflexivirus E, sharing similarity with Grapevine virus H, as seen in
Candresse et al. (2018) [50], both of which are unique to A. fourcroydes, with higher
expression in the leaves. Sisal-associated Betaflexivirus D, sharing similarity with Grapevine
virus G as seen in Blouin et al. (2018) [83], which was absent in the organs of A. hybrid
11648, and Sisal-associated Ribovirus A, sharing similarity with Grapevine virga-like virus
(unpublished), which is unique to the stems and roots of A. sisalana and A. hybrid 11648.
The family Betaflexiviridae, which also includes CMMYV, affects exclusively plants [84], and
also includes the Sisal-associated Betaflexivirus A (sharing similarity with Apple stem pitting
virus), not expressed in A. sisalana, and Sisal-associated Betaflexivirus B (sharing similarity
with Diuris virus A), not expressed in A. hybrid 11648. Taking together, our findings
indicate that there is no organ tropism for the family Betaflexiviridae in our samples,
even though some species seem to favor the leaves or roots. Other two species (Sisal-
associated Botourmiavirus A and Sisal-associated Botourmiavirus B) share similarities with
the oomycete-infecting viral species, Plasmopara viticola associated ourmia-like virus 29 and
Plasmopara viticola associated ourmia-like virus 6, respectively, both of which were described
by Chiapello et al. (2020) [85]. Since the production of grapes in the state of Paraiba [86]
and the caatinga biome [87] is limited, with a local study by Medeiros et al. (2017) [88]
considering the climate conditions unsuitable for the cultivation of vines, the similarity of
some of our new viral species to grapevine-infecting viruses suggests that these species
have a broader host range than just the species from which they were originally isolated.

The family Alphaflexiviridae includes three species in our samples, sharing similarities
on BLASTx with plant-infecting species in this same family; Alternanthera mosaic virus [89],
Cassia mild mosaic virus [90], and Nerine virus X [91]. As well as Betaflexiviridae, this family
does not display an expression pattern to the family level. Sisal-associated Alphaflexivirus A
is expressed only in the stems and roots of A. sisalana and the hybrid, and in the leaves of
A. sisalana while Sisal-associated Alphaflexivirus B is exclusive of the roots of A. fourcroydes
and A. sisalana, and Sisal-associated Alphaflexivirus C is unique to the roots of A. fourcroydes.
Sisal-associated Unclassified virus A is also unique to A. fourcroydes but to leaves instead
of roots.

Finally, a curious result is the detection of Sisal-associated Unclassified virus E, which
shares similarity on BLASTx with Halhan virus 3, described by Rosani et al. (2019) [92].
This viral species was infecting the bivalve Haliotis discus, a sea snail species. By contrast
with the aforementioned fungal and plant species, the occurrence of sea snails in the
Brazilian caatinga is virtually impossible. Thus, considering the expression of Sisal-associated
Unclassified virus E only in the stems and roots of A. fourcroydes, we hypothesize that other
Gastropoda species inhabiting the roots of this plant, as described by Pearce and Orstan
(2006) [93] and Pratt (1971) [94], might have left viable viral RNA on the organs where it
was detected, and that this group of species occurs in a broader range of environments
than previously thought.

5. Conclusions

This is the first study using an unbiased high-throughput sequencing strategy to
investigate the viral diversity in the genus Agave. According to our initial hypothesis that
Agave species could act as a reservoir of plant viruses even with no apparent infection, in
our study we were able to identify 25 species associated with three sisal taxa, of which
24 likely represent new viral species. Most of the species displayed high transcriptional
activity in the roots, the plant organ with the highest viral diversity. At the species level,
Agave fourcroydes is the variety with a higher abundance of viral species. A total of 11 new
viral species shares similarities with known mycoviruses and oomycete-infecting viral
species, reinforcing the effects of the associated microbiota in viral diversity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/microorganisms9081704/s1, Table S1: Species names and respective accession numbers of
the viral sequences used for phylogenetic analysis in Figure 3; Table S2: General description of deep
sequenced libraries and virus detection strategy. Raw counts of RNA and DNA libraries as well as
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metrics related to transcript assembly and sequence similarity searches are presented in the rows.
Agave species are indicated in the columns; Table S3: Similarity of Agave-derived contigs against
known CPMMYV genomes. Analysis was performed using Blast with the variant BLASTn; Table S4:
Quantitative metrics for the reference genome of CPMMYV (CPMMV:BR:MG:09:3) and the genome
obtained from the RNA-seq data of Agave fourcroydes; Table S5: BLASTx best hits for each viral contig,
and their respective alignment metrics; Table S6: Transcripts discarded as false positives (rows) and
associated data. Columns indicate transcript name, length (in base pairs), the protein and species
hit on BLASTX, their respective accession code, detected protein domains, and finally, the reason
for discard; Table S7: A classification scheme for phylogeny. Columns indicate: Class name, the
requisites for that given class (characteristics of the viral species, concerning contig length and type),
the number of species included in that category, and their correspondent percentage; Figure S1:
Alignment of detected transcripts (arrows in the lower portion) of the three plant varieties sharing
similarity with the genome of Cowpea Mild Mottle virus (KC884245.1), in the upper half of the figure,
using IGV. Colorful lines inside arrows indicate genetic variation in comparison with the reference;
Figure 52: Raw sequencing reads (with length >50 bp) coverage of the reference genome of CPMMV
using IGV. Each arrow in the lower part indicates a single sequencing read. In those arrows, colorful
regions indicate genetic variation in comparison to the reference. As seen in the middle section,
coverage is deeper in the end on the transcript; Figure S3: ORF pattern in CPMMV:BR:MG:09:3
(upper) and CPMMYV isolate PB:AF (lower). Figure S4: Phylogenetic analysis of Cowpea Mild Mottle
virus isolate PB:AF. Accession numbers in blue indicate samples from Brazil, while green indicates
the isolate assembled in this work; Table S8: The accession codes and descriptions to each viral contig
and their respective viral species. “RdRp” stands for RNA-dependent RNA polymerase, and, in this
table, is a synonym to “Replicase”; Table S9: Diversity indices for the organs and species analyzed;
Table S10: Viral species and their respective detected protein domains (with Pfam/HMMER) and
their expression (in tpm, transcripts per million) in each analyzed sample, representing the average
expression of the three technical replicates.
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Appendix A

Statistical Analysis among Organs Samples.
Part I: Comparing the same tissue type in the three plant varieties
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1. Leaves
1.1.  Normality Tests
Test Leaves AF Leaves AS Leaves HI
N 25 25 25
Shapiro-Wilk W 0.842 0.2534 0.2256
p(normal) 3.217 x 107 2.845 x 10710 1.764 x 10710
p (Monte Carlo) 0.0001 0.0001 0.0001
Conclusion: The three distribution are not Gaussian (normal). We must use a non-parametric test.

1.2.  Kruskal-Wallis Test
H (chi2): 2.25
Hc (tie corrected): 3.477
p (same): 0.1758
Conclusion: There is no significant difference between sample medians.
2. Stem
2.1.  Normality Tests
Test Stem AF Stem AS Stem HI
N 25 25 25
Shapiro-Wilk W 0.438 0.2153 0.4168
p(normal) 9.652 x 1077 1.484 x 1010 6.209 x 10~
p (Monte Carlo) 0.0001 0.0001 0.0001

Conclusion: the three distribution are not Gaussian (normal). We must use a non-parametric test.

2.2.  Kruskal-Wallis Test
H (chi2): 0.2957
Hc (tie corrected): 0.3705
p (same): 0.8309
Conclusion: There is no significant difference between sample medians.
3. Roots
3.1.  Normality Tests
Test Roots AF Roots AS Roots HI
N 25 25 25
Shapiro-Wilk W 0.3351 0.4847 0.4686
p(normal) 1.246 x 10~° 2.65 x 108 1.858 x 108
p (Monte Carlo) 0.0001 0.0002 0.0001
Conclusion: the three distribution are not Gaussian (normal). We must use a non-parametric test.

3.2.  Kruskal-Wallis Test

H (chi2): 2.254
Hc (tie corrected): 2.443
p (same): 0.2948
Conclusion: There is no significant difference between sample medians.

Part II: Comparing all tissue in of a same plant variety

4. Agave fourcroydes
4.1. Normality Tests
Test Leaves Stem Roots
N 25 25 25
Shapiro-Wilk W 0.842 0.438 0.3351
p(normal) 3.217 x 107 9.652 x 10~ 1.246 x 10~°
p (Monte Carlo) 0.0001 0.0002 0.0001

Conclusion: the three distribution are not Gaussian (normal). We must use a non-parametric test.
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4.2. Kruskal-Wallis Test

H (chi2): 10.52
Hc (tie corrected): 11.96
p (same): 0.002533

Conclusion: There is a significant difference on viral diversity among distinct tissues in AF.

43. Mann-Whitney Pairwise Test

Test Leaves Stem Roots
Leaves 0.9041 0.003377
Stem 0.9041 0.003723
Roots 0.003377 0.003723

Conclusion: Viral diversity of the roots is statistically significant different from both the diversity in leaf and
stem, but there is no significant difference between leaf and stem viral diversity.

5. Agave sisalana

51. Normality Tests

Test Leaves Stem Roots
N 25 25 25
Shapiro-Wilk W 0.2534 0.2153 0.4847
p(normal) 2.85 x 1077 1.48 x 1077 2.65 x 1078
p (Monte Carlo) 0.0001 0.0001 0.0001

Conclusion: the three distribution are not Gaussian (normal). We must use a non-parametric test.

5.2.  Kruskal-Wallis Test

H (chi2): 4.006
Hc (tie corrected): 5.019
p (same): 0.0813

Conclusion: There is no significant difference on viral diversity among the three distinct tissues in Agave
sisalana.

6. Agave Hybrid 11648
6.1.  Normality Tests

Test Leaves Stem Roots
N 25 25 25
Shapiro-Wilk W 0.2256 0.4168 0.4686
p(normal) 1.76 x 1077 621 x 107° 1.86 x 1075
p (Monte Carlo) 0.0001 0.0002 0.0001

Conclusion: the three distribution are not Gaussian (normal). We must use a non-parametric test.

6.2. Kruskal-Wallis Test

H (chi2): 6.226
Hc (tie corrected): 8.437
p (same): 0.01472

Conclusion: There is a significant difference between sample medians.

6.3. Mann-Whitney Pairwise Test

Test Leaves Stem Roots
Leaves 0.03518 0.006339
Stem 0.03518 0.2202

Roots 0.006339 0.2202

Conclusion: The viral diversity in the leaf is statistically significant different from both stem and roots, but
there is no significant difference between the viral diversities of stem and roots.
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Supplementary Data

Table S1: Species names and respective accession numbers of the viral sequences used for phylogenetic

analysis in Fig. 3.

Virus name Accession
Acidomyces richmondensis tobamo-like virus 1 AZT88673
Acute bee paralysis virus QGL51678

African oil palm ring spot virus YP_002776347
Agaricus bisporus spherical virus AQM32769
Agaricus bisporus virus 3 AQM49919
Agaricus bisporus virus 5 AQMA49927
Agaricus bisporus virus 6 AQM49948

Agave tequilana leaf virus
Alternaria alternata virus 1
Apple chlorotic leaf spot virus
Apple chlorotic leaf spot virus
Apple stem grooving virus
Apple stem pitting virus
Apricot pseudo-chlorotic leaf spot virus
Apricot vein clearing associated virus
Apricot vein clearing associated virus
Aspergillus foetidus dsSRNA mycovirus
Aspergillus heteromorphus alternavirus 1
Aspergillus mycovirus 341
Atractylodes mottle virus
Atrato Virga-like virus 7
Atrpec virus 1
Auricularia heimuer myco virgavirus 1
Banana mild mosaic virus
Beihai charybdis crab virus 1
Beihai picorna-like virus 71
Betavulgaris mito virus 1
Blackberry vein banding-associated virus
Blueberry scorch virus
Botrytis virus X
Bundaberg bee virus 2
Camellia ring spot associated virus 1
Cannabis sativa mitovirus 1
Carrot Ch virus 1
Cassava common mosaic virus
Chenopodium quinoa mitovirus 1
Cherry mottle leaf virus
Cherry rusty mottle associated virus
Cherry symptomless virus
Cherry virus A
Chrysanthemum virus B
Citrus chlorotic leaf spot virus
Citrus leaf blotch virus
Citrus virga-like virus
Cnidium virus X
Cole latent virus
Cowpea mild mottle virus

YP_009373228
YP_001976150
AOF42977
NP_040551
NP_044335
NP_604464
BCA25706
YP_008997790
BCA25721
YP_007353985
AZT88576
ABX79997
YP_009508317
QHA33778
AYN75539
QIM57886
NP_112029
YP_009333242
YP_009333456
QBN22178
YP_008411010
AAY18409
NP_932306
AWK77852
QEJ80622
DAB417542
NP_009103999
NP_042695
YP_009551903
AOY07776
YP_007761581
QIA61761
ATJ05013
CAO78688
QO0Q52500
NP_624333
ARO38275
BBI37360
QGNO03507
AGS13088



Cucumber vein-clearing virus
Diuris virus A
Fig latent virus 1
Fox tail mosaic virus
Fox tail mosaic virus
Frangipani mosaic virus
Fusarium graminearum alternavirus 1
Fusarium graminearum mycotymo virus 1
Fusarium incarnatum alternavirus 1
Fusarium poae alternavirus 1
Garlic yellow mosaic-associated virus
Grapevine associated jivivirus 1
Grapevine leafroll-associated virus 1
Grapevine leafroll-associated virus 3
Grapevine leafroll-associated virus 4
Grapevine Pinotgris virus
Grapevine virga-like virus
Grapevine virus A
Grapevine virus A
Grapevine virus B
Grapevine virus B
Grapevine virus B
Grapevine virus E
Grapevine virus G
Grapevine virus G
Grapevine virus H
Grapevine virus L
Grapevine virus M
Haemonchus contortus virus
Heracleum latent virus
Hibiscus latent Singapore virus
Hippeastrum latente virus
Hobart betaflexivirus 1
Hubei virga-like virus 1
Humulus lupulus mitovirus 1
Hydrangea chlorotic mottle virus
Hydrangea ring spot virus
Ligustrum virus A
Little cherry virus 2
Luckshill virus
Macrophomina phaseolina tobamo-like virus 1A
Mexico tricho virus
Mint virus 2
Odonto glossum rings potvirus
Oxybasis rubra mitovirus 1
Papaya mottle associated virus
Peach chlorotic leaf spot virus
Peach mosaic virus
Pepper virus A
Perth betaflexivirus 1
Petunia exserta mitovirus 1
Phlox virus B
Pineapple mealy bug wilt-associated virus 2
Pistachio ampelo virus A
Plasmopara viticola associated tobamo-like virus 1
Podosphaera prunicola tobamo-like virus

YP_009664734
YP_006905850
CAY32622
AWT40556
ABW25054
AEW67306
YP_009449446
YP_009553357
AYJ09266
YP_009272949
AZM69107
Q1325699
QBZ78645
AX182159
ARP51817
QEQ50023
QCF47402
NP_619662
AAO84267
AHZ62715
AWD77984
AOX49252
YP_002117775
ATV81261
YP_009551946
YP_009551905
QBM91193
QCF24338
CDJ82925
QlQ28218
ARM71140
YP_002308447
AWK77906
YP_009337423
DAB41749
YP_002985636
BAU45634
YP_009288956
ATB18128
AWA82251
ALD891032
QDR50348
YP_009664761
AAZ81884
DAB41745
Q1397108
AYA62500
YP_002308565
YP_009357230
AWK77908
DAB41750
YP_001552317
QCC20262
AVN99305
QIP68002
ATS94407



Potato virus H
Potato virus M
Potato virus M
Potato virus M
Potato virus T
Potato virus T
Potato virus T
Riboviria sp

Salvia divinorum RNA virus 1
Shayang virga-like virus 1
Solanum chacoense mitovirus 1
Stemphylium lycopersici mycovirus
Tamus red mosaic virus
Tobacco mild green mosaic virus

Tulip virus X

Turtle grass virus X
Weivirus-like virus
Wenzhou picorna-like virus 26
Wenzhou picorna-like virus 27

Yam latente virus

AYV96574
QBL75476
ATG34140
NP_056767
AFV39891
YP_002019748
AFV39891
QDH89210
YP_009553026
YP_009333208
DAB41743
YP_009551661
YP_004849314
QIM41095
NP_702988
YP_009552762
QJI53767
YP_009337682
YP_009336706
YP 009134730




Table S2: General description of deep sequenced libraries and virus detection strategy. Raw counts of

RNA and DNA libraries as well as metrics related to transcript assembly and sequence similarity searches

are presented in the rows. Agave species are indicated in the columns.

A.fourcroydes A.sisalana A. hybrid 11648 Sum
Raw RNAseq reads 200,498,222 208,260,315 150,509,074 559,267,611
Assembled Transcripts 81,190 93,569 77,194 251,953
Mean contig length 599 575 584 1758
Min. contig length 168 171 171 510
Viral Transcripts BLASTN 4 1 5 10
Viral Transcripts BLASTX 49 34 28 79*
Raw DNAseq reads 131,365,537 118,820,218 119,180,610 369,366,365




Table S3: Similarity of Agave-derived contigs against known CPMMV genomes. Analysis was performed using Blast with the variant BLASTn.

Plant AF AS HI
Contig | DN22786 DN53839 DN59783 DN97584 | DN6612 [ DN10130 DN110105 DN114005 DN42686 DN55516
Length 270 3600 369 362 867 867 264 387 315 285
Sim.
97.41 98.31 98.37 98.34 98.62 98.73 98.49 95.87 98.41 98.25
KC774019.1] (%)
Length 269 3599 368 361 866 866 263 386 314 284
Sim.
97.78 98.08 97.29 97.21 98.85 98.96 98.86 95.35 98.73 97.54
KC774020.1] (%)
Length 269 3599 368 358 866 866 263 386 314 284
Sim.
97.05 98.42 98.37 98.62 98.85 98.96 99.24 95.87 97.46 96.49
KC884245.1] (%)
Length 270 3599 368 361 866 866 263 386 314 284
Sim.
98.52 96.25 98.37 96.41 90.31 90.43 99.24 94.32 96.19
MK?202583.1] (%)
Length 269 3595 368 361 866 866 263 386 314
Sim.
98.15 98.28 98.65 98.34 99.24 95.87 97.46
KC884248.11 (%)
Length 269 3599 368 361 263 386 314




Table S4: Quantitative metrics for the reference genome of CPMMV (CPMMV:BR:MG:09:3) and the

genome obtained from the RNA-seq data of Agave fourcroydes.

Name CPMMV:BR:MG:09:3 CPMMV isolate PB:AF

Contigs 1 1
Length 8196 8193
N50 8196 8193
L50 1 1
GC 0.403 0.4
For runs of Ns (>= 10 Ns):
Num 0 2

Span 0 47




Table S5: BLASTx best hits for each viral contig, and their respective alignment metrics.

h=4 < % GC) - +— (0] 8
gseqid . o = T Q T T = o E o c .
sseqid o = - < o o species
(TRINITY_DN...) a = | 5| §|g| g S 2 % > 2 S P
E | © 2
61147 YP_009553503.1 509 55 27 O 4 168 1915 1969 8.10E-14 659 213  Aclinidiaseed-
borne latent virus
49676 AQM49927.1 397 662 384 7 4 1953 1742 2400 5.2E-124 4353 2163 _Agaricus
bisporus virus 5
16142 AQM49927.1 327 431 252 8 115 1356 1259 1668 1.90E-60  223.4 1359 _Agaricus
bisporus virus 5
44352 AQM49927.1 308 347 226 6 4 1008 1742 2086 2.20E-37  146.4 1011 _ Agaricus
bisporus virus 5
83710 AQM49927.1 463 188 100 1 1 564 2214 2400 1.40E-42 1633 774 _ Agaricus
bisporus virus 5
19804 AQM49927.1 529 140 66 0 7 426 2076 2215 4.30E-38 1475 435 _Agaricus
bisporus virus 5
24880 AQM32763.1 545 411 187 0 37 1269 2132 2542  1.3E-139 4865 1404 _Agaricus
bisporus virus 6
27401 AQM49948.1 473 281 145 3 1 843 1815 2092 2.10E-68 2492 846 __Agaricus
bisporus virus 6
77293 AQM49948.1 5905 121 47 2 4 366 1700 1818 1.60E-41  158.7 366 _ Agaricus
bisporus virus 6
55189 AQM32763.1 411 112 58 3 7 324 642 751  4.70E-21 905 327 _ Agaricus
bisporus virus 6
Contigl7 YP_459948.1 328 186 121 3 271 825 11 193  1.50E-26  110.2 867 Alternanthera
mosaic virus
63052 YP_459944.1 43 114 64 1 1 339 1023 1136  1.40E-20 89 342 Alternanthera
maosaic virus
Alternaria
81586 YP_001976142.1 855 110 16 O 1 330 441 550  3.10E-52 1941 330 .
alternata virus 1
61614 YP_001976151.1 75 80 20 0 7 246 21 100  1.30E-34  135.2 246 Alternaria
alternata virus 1
1.80E-
Contig7 NP_604464.1 499 1001 477 6 607 3588 1193 2175 975.7 3600 Apple stem
286 pitting virus
83885 NP_604464.1 428 201 112 3 10 606 1652 1851 8.50E-40  153.7 609 Apple stem
pitting virus
2.10E- Aspergillus
Contigl4 YP_007353983.1 53.2 538 250 1 1 1614 191 726 '170 589 1617 foetidus dsRNA

mycovirus




73798

116043

72309

Contig19

83752

Contig5

Contig12
100760

26278

133840

88105
86319

44239
3617

65779
52979
46510
40814

65618

YP_007353985.1

YP_007353985.1

YP_007353983.1

AZT88576.1

AZT88575.1

QED22727.1

ADDG65542.1
ARO38275.1

ARO38274.1

ARO38274.1

YP_006905850.1
YP_006908997.1

YP_004732978.2
QCF47403.1

QCF47402.1
YP_009552539.1
YP_009552539.1
YP_009552542.1

YP_009552542.1

76.3

75.9

55.4

49.6

55.4

54.6

41.2

56.7

50.4

62.3

32.6
66.7

36.7

38.4

63.4

26.6

25

38.3

35.9

97

79

56

514

112

1124

148

838

125

114

218
105

256

739

134

872

680

128

128

23

19

25

255

50

502

82

353

61

42

120
28

139

391

49

538

408

79

82

13

12

26

23

10

64

31

544

N B R R

31

16

10

300

240

231

1530

336

3384

444

3036

378

339

612
309

744

2268

402

2406

1806

399

393

637

307

319

159

13

525

1168

369

1107
258

1221

25

368

16

210

74

74

733

385

61

832

270

1134

667

835

1291

482

1311
357

1463

705

501

865

865

201

201

3.50E-39

1.20E-34

2.60E-13

9.90E-
138

4.70E-40

0.00E+00

6.50E-32

4.70E-
280

1.00E-31
9.20E-36

1.40E-18
5.10E-33

1.10E-25

1.80E-
138

1.60E-42
2.30E-73
8.50E-41
7.60E-21

2.20E-20

150.6

135.2

64.3

480.3

153.7

1201.8

127.1

954.1

126.3

139.4

83.2
130.2

107.1

483.4

162.2

267.3

158.7

90.1

88.6

300

240

231

1533

336

3387

465

3069

432

339

615
309

765

2310

402

2619

1965

402

396

Aspergillus
foetidus dsRNA
mycovirus
Aspergillus
foetidus dsRNA
mycovirus
Aspergillus
foetidus dsRNA
mycovirus
Aspergillus
heteromorphus
alternavirus 1
Aspergillus
heteromorphus
alternavirus 1
Botryosphaeria
dothidea tobamo-
like virus
Cassia mild
mosaic virus
Citrus virga-like
virus
Citrus virga-like
virus
Citrus virga-like
virus
Diuris virus A

Diuris virus A
Grapevine Pinot
gris virus
Grapevine virga-
like virus
Grapevine virga-
like virus
Grapevine virus
G
Grapevine virus

®

Grapevine virus

®

Grapevine virus

®



Grapevine virus

42135 YP_009551905.1 54.9 255 115 O 82 846 1368 1622 6.20E-81 290.8 846 H

52810 YP_009552715.1 38.4 482 281 7 91 1521 1232 1702 3.40E-87 3139 4224 Halhan virus 3
99951 YP_009552715.1 48.6 72 34 3 1 216 445 513 1.10E-13 65.5 222 Halhan virus 3
3.90E- Macrophomina

Contig9 YP_009109559.1 274 1644 930 51 1093 5370 2 1600 ) 476.9 5397 phaseolina

136 tobamo-like virus

Macrophomina

Contig6 YP_009109559.1 32.9 140 77 4 2419 2838 1314 1436  4.50E-10 57.4 3309 phaseolina

tobamo-like virus
Macrophomina
30831 YP_009109561.1 41.6 370 182 6 1 1110 40 375 1.40E-64 236.9 1110 phaseolina
tobamo-like virus
Macrophomina
38090 YP_009109562.1 46.1 332 169 2 43 1008 2 333 7.30E-84 300.8 1038 phaseolina
tobamo-like virus
Macrophomina
Contig8 YP_009109562.1 36.9 293 178 6 31 888 7 299 3.20E-44 169.1 1011 phaseolina
tobamo-like virus
Macrophomina
105616 YP_009109562.1 36.1 299 180 4 16 891 7 301 2.20E-45 172.9 1005 phaseolina
tobamo-like virus
Macrophomina
72996 YP_009109559.1 84.3 70 11 0 1 210 1962 2031 1.60E-33 131.3 213 phaseolina
tobamo-like virus
Macrophomina
26423 YP_009109559.1 48.5 68 35 0 1 204 1766 1833  3.70E-16 73.6 204 phaseolina
tobamo-like virus
Macrophomina
75281 YP_009109561.1 68.3 63 20 0 13 201 221 283 3.30E-20 87 204 phaseolina
tobamo-like virus
Macrophomina

85955 YP_009109559.1 841 63 10 O 7 195 1351 1413 2.00E-27 1109 198 phaseolina
tobamo-like virus
38752 YP_446996.1 338 201 132 1 148 747 16 216  120E-33 1337 774  Nerine virus X
59050 AVN99304.1 416 1634 766 18 1 4899 1 1446  0.00E+00 1148.3 4902 Pistachio
ampelovirus A
49906 AVN99304.1 424 1603 762 17 1 4794 1 1446  0.00E+00 1160.2 4797 Pistachio
ampelovirus A
1.00E- i i
Contigl6 AVN99304.1 348 1246 655 16 1 3729 1 1091 661 3732 Pistachio

191 ampelovirus A



59050

2548

Contigl5

75741

110665

83949

77371

69322

Contig20

Contigl

17344

Contig10

Contig11

92324

AVN99304.1

AVN99305.1

AVN99306.1

QGY72559.1

QGY72536.1

ATS94408.1

ATS94409.1

ATS94408.1

YP_009551663.1

YP_009551661.1

YP_009551660.1

YP_009551661.1

YP_009551661.1

YP_009551660.1

43.4

63.6

39.1

46.6

61.8

46.4

40.9

49.4

64

68.5

64.3

56.5

64.8

68

670

453

207

131

68

207

171

85

339

308

252

239

128

100

378

165

126

66

26

107

101

42

114

87

90

98

45

32

292

10

61

2010

1359

912

390

204

621

573

261

1011

924

756

702

384

300

1

33

150

459

76

614

98

821

423

545

897

305

170

799

669

485

356

588

143

819

268

904

756

842

1148

543

297

898

8.20E-
159

3.30E-
177

4.10E-38

1.60E-28

2.30E-21

2.90E-43

6.80E-39

3.00E-18

2.90E-
125

8.70E-
113

9.70E-
102

1.10E-75

1.70E-41

3.30E-40

551.6

611.3

148.7

115.5

90.9

165.2

150.6

80.9

438.3

396.7

359.8

273.1

158.7

154.1

3561

1362

924

390

204

621

576

264

1014

927

759

702

387

306

Pistachio
ampelovirus A

Pistachio
ampelovirus A

Pistachio
ampelovirus A
Plasmopara
viticola
associated
ourmia-like virus
29
Plasmopara
viticola
associated
ourmia-like virus
6
Podosphaera
prunicola
tobamo-like virus
Podosphaera
prunicola
tobamo-like virus
Podosphaera
prunicola
tobamo-like virus
Stemphylium
lycopersici
mycovirus
Stemphylium
lycopersici
mycovirus
Stemphylium
lycopersici
mycovirus
Stemphylium
lycopersici
mycovirus
Stemphylium
lycopersici
mycovirus
Stemphylium
lycopersici
mycovirus




Table S6: Overview of the transcripts assigned as false positives (rows) and associated data. Columns indicate transcript name, length (in base

pairs), the protein and species hit on BLASTYX, their respective accession code, detected protein domains and finally, the reason for discard.
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Table S7: Classification scheme for the phylogenetic analysis. Columns indicate: Class name, the requisites for that given class (characteristics of

the viral species, concerning contig length and type), the number of species included in that category, and their correspondent percentage.

Class Requisites Number (%)
0 No RdRp sequence detected 2 9.52
1 Partial RARp sequence (<500 bp) accompanied by other transcripts or not 10 40.00
2 Large fragment (>500 bp) of RdRp 8 32.00
Large fragment (>500 bp) of RARp and some other viral protein (except for
3 ) 1 4.00
the coat protein)
4 Large fragment (>500 bp) of RdRp and the coat protein detected, other 4 16.00

viral protein facultative
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Figure S1: Distribution of the assembled transcript on the genome of Cowpea mild mottle virus (KC884245.1).Figure as produced using IGV. Colorful
lines inside arrows indicate genetic variation in comparison with the reference.
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Figure S2: Coverage of raw sequencing reads along CPMMV reference genome. Only reads over 50 bp were used in this analysis. The visualization

was generated using IGV. Each arrow in the lower part indicates a single sequencing read. In those arrows, colorful regions indicate genetic variation

in comparison to the reference. As seen in the middle section, coverage is deeper in the end on the transcript.
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Figure S3: Structural annotation of CPPMV strains. ORF profile in CPMMV:BR:MG:09:3 (upper) and CPMMV isolate PB:AF (lower). The

visualization was produced using orffinder (https://www.ncbi.nim.nih.gov/orffinder/) from NCBI portal. The arrow direction indicates the strand which

the ORF was identified.
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Figure S4: Phylogenetic analysis of Cowpea Mild Mottle virus isolate PB:AF. Accession numbers in blue indicate samples from Brazil, while green

indicates the isolate assembled in this work.



Table S8: The accession codes and descriptions to each viral contig and their respective viral species. “RdRp” estands for RNA-dependent RNA
polymerase, and, in this table, is a synonym to “Replicase”.

Species Name Contig Name Acc Code Protein Type
Cowpea Mild Mottle Virus Cowpea MZ329767 Genome
Sisal-associated Alphaflexivirus A Contigl7 MZ599622 Putative coat protein
Sisal-associated Alphaflexivirus A TRINITY_DN63052 c0 g1 il MZ599634 Putative Replicase
Sisal-associated Alphaflexivirus B Contigl2 MZ599625 Putative Replicase
Sisal-associated Alphaflexivirus C TRINITY_DN38752_c0_g1_il MZ599621 Putative coat protein
Sisal-associated Betaflexivirus A Contig7 MZ329756 RdRp
Sisal-associated Betaflexivirus A TRINITY_DN83885 c0 g1 il MZ599608 Putative Replicase
Sisal-associated Betaflexivirus B TRINITY_DN88105 c0 gl il MZ329759 RdRp
Sisal-associated Betaflexivirus B TRINITY_DN86319 c0 gl il MZ599609 Putative Replicase
Sisal-associated Betaflexivirus C TRINITY_DN44239 c0 gl il MZ329760 RdRp
Sisal-associated Betaflexivirus D TRINITY_DN52979 c0 gl il MZ329761 RdRp
Sisal-associated Betaflexivirus D TRINITY_DN46510 cO g1 il MZ599640 Putative Replicase
Sisal-associated Betaflexivirus D TRINITY_DN40814_c0_g1_i1 MZ599610 Putative coat protein
Sisal-associated Betaflexivirus D TRINITY_DN65618 c0 gl il MZ599641 Putative coat protein
Sisal-associated Betaflexivirus E TRINITY_DN42135_c0_g1_i1 MZ329762 RdRp
Sisal-associated Botourmiavirus A TRINITY_DN75741 ¢c0 g1 il MZ599649 Putative Replicase
Sisal-associated Botourmiavirus B TRINITY_DN110665 cO g1 il MZ599650 Putative Replicase
Sisal-associated Closterovirus A TRINITY_DN2548_c0_g1_il MZ329764 RdRp
Sisal-associated Closterovirus A TRINITY_DN59050_c1 _g1_i1 MZ599642 hypothetical protein
Sisal-associated Closterovirus A TRINITY_DN49906 cO0 g1 i3 MZ599616 hypothetical protein
Sisal-associated Closterovirus A Contigl6 MZ599628 hypothetical protein
Sisal-associated Closterovirus A TRINITY_DN59050 c1 g1 i2 MZ599643 hypothetical protein
Sisal-associated Closterovirus A Contigl5 MZ599629 Putative coat protein
Sisal-associated Ribovirus A TRINITY_DN3617_c0_g1 il MZ599639 hypothetical protein
Sisal-associated Ribovirus A TRINITY_DN65779 ¢c0 g1 il MZ599646 Putative Replicase
Sisal-associated Unclassified dsRNA virus A TRINITY_DN81586 c0 g1 il MZ599606 Putative Replicase



Sisal-associated Unclassified dsRNA virus A TRINITY_DN61614_c0_g1_il1 MZ599607 hypothetical protein
Sisal-associated Unclassified dsRNA virus B Contigl4 MZ599623 hypothetical protein
Sisal-associated Unclassified dsRNA virus B TRINITY_DN73798 c0 g1 il MZ599644 Putative Replicase
Sisal-associated Unclassified dsRNA virus B TRINITY_DN116043 c0_g1 il MZ599635 Putative Replicase
Sisal-associated Unclassified dsRNA virus B TRINITY_DN72309 c0 g1 i1 MZ599636 hypothetical protein
Sisal-associated Unclassified dsRNA virus C TRINITY_DN17344 c0 g1 i1 MZ329765 RdRp
Sisal-associated Unclassified dsRNA virus C Contig20 MZ599630 hypothetical protein
Sisal-associated Unclassified dsRNA virus C Contigl MZ599631 Putative coat protein
Sisal-associated Unclassified dsRNA virus C Contig10 MZ599632 Putative coat protein
Sisal-associated Unclassified dsRNA virus C Contigl1 MZ599633 Putative coat protein
Sisal-associated Unclassified dsRNA virus C TRINITY_DN92324 c0 gl il MZ599619 Putative Replicase
Sisal-associated Unclassified virus A TRINITY_DN61147 cO gl il MZ599598 Putative Replicase
Sisal-associated Unclassified virus B TRINITY_DN49676_c0_gl_i2 MZ329754 RdRp
Sisal-associated Unclassified virus B TRINITY_DN16142 cO gl il MZ599599 Putative Replicase
Sisal-associated Unclassified virus B TRINITY_DN44352 ¢c0 g1 il MZ599600 Putative Replicase
Sisal-associated Unclassified virus B TRINITY_DN83710 c0 gl il MZ599601 Putative Replicase
Sisal-associated Unclassified virus B TRINITY_DN19804 c0 g1 i1 MZ599602 Putative Replicase
Sisal-associated Unclassified virus C TRINITY_DN24880 cO gl il MZ329755 RdRp
Sisal-associated Unclassified virus C TRINITY_DN27401 cO gl il MZ599603 Putative Replicase
Sisal-associated Unclassified virus C TRINITY_DN77293 ¢c0 g1 il MZ599604 Putative Replicase
Sisal-associated Unclassified virus C TRINITY_DN55189 c0 g1 il MZ599605 Putative Replicase
Sisal-associated Unclassified virus D Contig19 MZ599624 hypothetical protein
Sisal-associated Unclassified virus D TRINITY_DN83752 c0 gl il MZ599637 Putative Replicase
Sisal-associated Unclassified virus E DN52810 MZ329766 RdRp
Sisal-associated Unclassified virus E TRINITY_DN99951 ¢c0 g1 il MZ599611 Putative Replicase
Sisal-associated Virgavirus A Contig5 MZz329757 RdRp
Sisal-associated Virgavirus B TRINITY_DN100760_c0_g1_il1 MZ329758 RdRp
Sisal-associated Virgavirus B TRINITY_DN26278_c0_g1_il MZ599645 hypothetical protein
Sisal-associated Virgavirus B TRINITY_DN133840_c0_g1 i1 MZ599638 hypothetical protein
Sisal-associated Virgavirus C Contig9 MZz329763 RdRp



Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C
Sisal-associated Virgavirus C

Contig6
TRINITY_DN30831_c0_g1_il1
TRINITY_DN38090_c0_g1_il

Contig8

TRINITY_DN105616_c0_g1_il

TRINITY_DN72996_c0_g1_il
TRINITY_DN26423 c0_gl_il
TRINITY_DN75281_c0_g1_il
TRINITY_DN85955_¢c0_g1_il

MZ599626
MZ599612
MZ599620
MZ599627
MZ599647
MZ599613
MZ599614
MZ599621
MZ599615

Putative Replicase
hypothetical protein
Putative coat protein
Putative coat protein
Putative coat protein

Putative Replicase

Putative Replicase
hypothetical protein

Putative Replicase

Sisal-associated Virgavirus D
Sisal-associated Virgavirus D
Sisal-associated Virgavirus D

TRINITY_DN83949_c0_g1 il
TRINITY_DN77371_c0_g1 il
TRINITY_DN69322_c0_g1_il

MZ599651
MZ599617
MZ599618

hypothetical protein
Putative coat protein
hypothetical protein




Table S9: Diversity indices for the organs and species analyzed.

Leaves Leaves Leaves Stem  Stem Stem Roots Roots Roots

Index AF AS HI AF AS HI AF AS HI
Number of Taxa (S) 10 8 4 10 10 11 18 13 12
Dominance (D) 0,3837 0,7361 0,8649 0,3072 0,9094 0,3317 0,401 0,2444 0,2648
Simpson Index (1-D) 0,6163 0,2639 0,1351 0,6928 0,09059 0,6683 0,599 0,7556 0,7352
Shannon Index (H) 1,185 0,5205 0,3017 1,414 10,2622 1,323 1,534 1,756 1,747
Evenness (e"H/S) 0,3271 0,2104 0,338 04112 0,13 0,3413 0,2576 0,4452 0,4782
Equitability 0,5147 0,2503 0,2176 0,6141 0,1139 0,5516 0,5307 0,6845 0,7031




Table S10: Viral species and their respective detected protein domains (with Plam/HMMER) and their expression (in tpm, transcripts per million) in

each analyzed sample, representing the average expression of the three technical replicates.

Viral Species Proteic Domains Detected Leaves Leaves Leaves | Stem | Stem | Stem | Roots | Roots | Roots
P AF AS HI AF | AS HI AF AS HI
S'Sa"assoc\'/ﬁtjg AU”C'aSS'f'ed none 1.79 0.00 000 | 000 | 000 | 0.00 | 000 | 000 | 0.00
Sisal-associated Unclassified __RdRP, 0.00 0.00 000 | 001 | 000 | 000 | 87.08 | 0.00 | 0.00

virus B Viral_helicasel
Sisal-associated Unclassified RARP,
; Viral_helicasel, 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 | 30.27 | 0.00 | 0.00
virus C . -
Viral methyltransferase
Sisal-associated viral coat protein 0.00 0.00 032 | 000 | 056 | 009 | 000 | 565 | 21.86
Alphaflexivirus A
Sisal-assoclated Unclassified none 0.00 0.00 000 | 000 | 000 | 0.00 | 6.02 | 000 | 0.00
dsRNA virus A
Sisal-associated RARP 0.01 0.00 000 | 494 | 000 | 015 | 7.33 | 000 | 23.02
Betaflexivirus A
Sisal-associated Unclassified none 0.00 0.01 000 | 000 | 001|182 | 764 | 1520 | 4.05
dsRNA virus B
S'Sa"assoc\'/ﬁtjfg”c'ass'f'ed RARP 0.00 0.25 000 | 000 | 000 | 0.00 | 000 | 530 | 3.26
Sisal-associated Virgavirus A none 0.03 0.03 0.02 0.09 | 0.03 | 0.04 | 23.26 | 30.74 | 34.15
Sisal-associated none 0.00 0.00 000 | 000 | 000 | 000 | 400 | 162 | 0.00
Alphaflexivirus B
Sisal-associated Virgavirus B _ RdRP, 0.00 0.02 000 | 000 | 001|013 | 000 | 1310 | 4.76
Viral_helicasel
Cowpea Mild Mottle Virus none 0.01 0.00 0.00 2142 | 0.56 | 0.32 | 18.66 2.66 59.78
Sisal-associated RARP 0.00 2.79 0.00 0.00 | 0.30 | 0.00 | 3.85 0.32 0.00
Betaflexivirus B
Sisal-associated viral_helicasel 4.35 0.00 000 | 055 | 000 | 000 | 055 | 000 | 0.00
Betaflexivirus C -
Sisal-associated Ribovirus A __RdRP, 0.00 0.00 000 | 000 | 001 | 020 | 000 | 1371 | 3.04
Viral_helicasel
Sisal-associated Trichovirus coat protein,
Viral_helicasel, 38.15 15.98 0.00 497 | 1.30 | 0.00 1.14 3.11 0.00

Betaflexivirus D

Viral methyltransferase




Sisal-associated

0 RARP 3.47 0.00 0.00 0.91 | 0.00 | 0.00 | 0.09 0.00 0.00
Betaflexivirus E
Sisal-associated Unclassified RARP, 0.00 0.00 000 | 001 | 000 | 000 | 14.45 | 000 | 0.00
virus E RNA helicase
DEAD/DEAH box helicase,
Sisal-associated Virgavirus C _ RdRP, 1.24 0.62 1.06 3.86 | 0.76 | 1.75 | 407.81 | 106.22 | 151.75
Viral_helicasel,
Viral methyltransferase
Sisal-associated Viral coat protein 0.00 0.00 000 | 0.00 | 0.00 | 0.00 | 659 | 0.00 | 0.00
Alphaflexivirus C
. . Closterovirus coat protein,
Sisal-associated RARP, 2652 | 11078 | 1815 | 287 | 726 | 187 1 1555 | 12000 | 13.18
Closterovirus A . 6 5 6
Viral methyltransferase
Sisal-associated none 0.00 0.00 0.00 0.00 | 0.00 | 6.39 | 0.00 0.00 0.00
Botourmiavirus A
Sisal-associated none 0.00 0.00 000 | 000 | 000|221 | 000 | 000 | 0.00
Botourmiavirus B 4
Sisal-associated Virgavirus D none 0.00 0.00 0.00 0.00 | 0.00 | 0.00 | 14.03 0.00 4.13
Sisal-associated Unclassified none 0.07 0.00 000 | 000 | 000 | 000 | 1595 | 19.12 | 7.53
dsRNA virus C
Mean Sequencing Depth 117.85 131.02 107.70 1252 1::;3 1227 141.55 | 124.35 | 118.69
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Chapter Il — Phylogenomics and gene selection in Aspergillus welwitschiae: Possible
implications in the pathogenicity in Agave sisalana.

RESUMO: Aspergillus welwitschiae causa a doenca da podriddo do caule no sisal (Agave
sisalana e espécies relacionadas), afetando a producéo de fibras naturais no Brasil, o principal
produtor mundial de fibras de sisal. Esse fungo é um saprotrofo com uma ampla variedade de
hospedeiros. Pesquisas anteriores estabeleceram A. welwitschiae como o Gnico agente causador
da podrid&o do caule no campo, mas pouco se sabe sobre a evolucao dessa espécie e suas cepas.
Neste trabalho, realizamos uma analise gendmica comparativa de 40 cepas de Aspergillus.
Mostramos a identidade molecular conflitante desta espécie, com uma cepa que infecta o sisal
compartilhando seu ancestral comum mais recente com Aspergillus niger, tendo divergido
apenas 833 mil anos atras. Além disso, nossa analise de selecdo positiva revela locais sob
selecdo em genes que codificam transportadores de siderdforos, trocadores de sodio-célcio e
proteinas de ligacdo a fosfatidiletanolamina (PEBPs). Neste estudo, discutimos 0s possiveis
impactos dessas funcfes génicas na patogenicidade no sisal.

Palavras-chave: Sideroforo, Trocadores de sodio-calcio, Doenga da podriddo do caule,
Gendmica comparativa, Saprotrofo.
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ARTICLE INFO ABSTRACT

Keywords:
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Aspergillus welwitschiae causes bole rot disease in sisal (Agave sisalana and related species) which affects the
production of natural fibers in Brazil, the main worldwide producer of sisal fibers. This fungus is a saprotroph
with a broad host range. Previous research established A. welwitschiae as the only causative agent of bole rot in
the field, but little is known about the evolution of this species and its strains. In this work, we performed a
comparative genomics analysis of 40 Aspergillus strains. We show the conflicting molecular identity of this

species, with one sisal-infecting strain sharing its last common ancestor with Aspergillus niger, having diverged
only 833 thousand years ago. Furthermore, our analysis of positive selection reveals sites under selection in genes
coding for siderophore transporters, Sodium-calcium exchangers, and Phosphatidylethanolamine-binding pro-
teins (PEBPs). Herein, we discuss the possible impacts of these gene functions on the pathogenicity in sisal.

1. Introduction

Aspergillus welwitschiae is a fungal species of the phylum Ascomycota
[11, named after Welwitschia mirabilis, a peculiar plant species endemic
to the Namib desert, where the fungus was first reported [2,3].
A. welwitschiae naturally inhabits the soil and spreads its spores in the
air, and may cohabit with plants and cause primary pathology, followed
by plant death [4,5]. A. welwitschiae is a saprotroph and also an

* Corresponding author.
E-mail address: arigoesneto@icb.ufmg.br (A. Gées-Neto).

opportunistic pathogen with necrotrophic behavior [6]. The current
research discusses some aspects of A. welwitschiae in the context of the
red rot (or bole rot) disease of Agave sisalana.

Agave sisalana and some varieties of the Agave genus, commonly
known as “sisal” [7,8], are plants of economic interest associated with
the natural fibers extracted from their leaves [9]. Brazil is the largest
producer of these fibers, with the cultivation areas mostly concentrated
in the semiarid region of Brazil, mainly in the state of Bahia, which

1 These authors have contributed equally to this work and share the first authorship.
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accounts for 93% of national production and 40% of world production of
sisal, and, to a lesser extent, in Paraiba and other states in the North-
eastern region of Brazil [10,11]. The sisal culture is essential for the
population living in this region, as it is one of the few and main sources
of income [12]. The bole rot is one of the most relevant limiting factors
for the cultivation of sisal in these regions and the consequent produc-
tion of natural fibers, causing great production losses. This disease af-
fects the plant stems and is characterized by an intense red color in
affected stems and leaf basis, followed by chlorosis (yellowing of the
leaves) and subsequently death [13].

The bole rot disease is caused by A. welwitschiae, which was assigned
in a study published in 2018, after decades of isolated and incomplete
studies of this pathosystem [13]. Before that study, the etiologic agent of
the bole rot was thought to be A. niger while some other species were
also assigned [14,15]. A possible explanation for this misclassification
would be that both A. welwitschiae and A. niger belong to section Nigri of
the genus Aspergillus, which is a non-formal name for a group of closely
related species, undistinguishable by almost any morphological fea-
tures, and forming a monophyletic clade [16]. Few studies focus on the
evolution and phylogenomics of some sections of the genus Aspergillus
[17,18]. None of these studies, however, perform a broad analysis of the
genus, approach the evolution of pathogenicity in A. welwitschiae, or
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even include this species. There are currently five available assemblies
of Aspergillus welwitschiae, for the following strains; CBS 139.54 [1],
CCMB 674 [19], CCMB 663 (this study), ITEM 11945 [20], and IHEM
2864 (unpublished). Only the first three of them are annotated and
were, thus, used in this study. Two of these genomes were obtained from
A. sisalana, and the strain CCMB 663 is presented in this current study.

In this context, we present a comparative genomic study of several
Aspergillus species, comprising species in the section Nigri of Aspergillus,
focusing on the unique characteristics that evolved in A. welwitschiae,
including a new strain from sisal. In addition, we aimed to analyze
effector proteins (predicted by their corresponding enzyme-coding
genes), hypothesized to play a key role in colonization and intracel-
lular interaction between plant and fungus [19], culminating in the
apparent and typical symptoms that give rise to the popular name of this
plant disease. The broad spectrum of living and decomposing hosts and
its consequent broad range of metabolic strategies summarizes the
relevance of the genomics and evolution of A. welwitschiae.
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Fig. 1. Phylogenomic tree of Aspergillus species. Maximum likelihood reconstruction using 1842 single copy orthogroups alignment matrix. Branch support is 100%
for all branches, obtained with 1000 bootstraps. Tree dating used the two calibration points of nodes in bold, and other node ages were estimated by the least-squares
method in IQtree. Branches are colored by section as described in Vesth et al. (2018) [1]. Neurospora crassa and Penicillium rubens are used as outgroups. The A. niger/
A. welwitschiae clade is zoomed in the detail box showing the paraphyletic status and the node ages of A. welwitschiae lineages.
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2. Results
2.1. Homology assignment and phylogenomic reconstruction

We used 42 fungal genomes for ortholog assignment; 40 Aspergillus
genomes distributed among sections Nigri (21 species), Flavi (8 species),
Nidulantes, Ustus, and Fumigati (one species each), plus 2 outgroups,
Penicillium rubens and Neurospora crassa. Species in the section Nigri
helped increase the resolution of our analysis, while further distant
species in the genus Aspergillus and other species outside of this genus
helped for a broader perspective of gene conservation (Table S1). For
this dataset, we found 1842 families of single-copy ortholog (SCO) genes
(Supplementary data). We used SCO to reconstruct the phylogeny of this
species, obtaining 100% of bootstrap support for all branches (Fig. 1).
The three A. welwitschiae genomes are positioned in the section Nigri, in
the same clade as A. niger, which was expected since A. welwitschiae is a
morphological cryptic species of A. niger. Nonetheless, interestingly, the
three A. welwitschiae strains are polyphyletic: A. welwitschiae CCMB 663
and A. welwitschiae CBS 139.54 are in a monophyletic clade whereas
A. welwitschiae CCMB 674 is clustered with the other A. niger species
(Fig. 1, detail).

Time calibration estimated a divergence time of 463 thousand years
(326-659C.I.) for the CCMB 663 and CBS 139.54 lineages of
A. welwitschiae, which is longer than the divergence times among A. niger
lineages. An even greater timespan was estimated for the MRCA of
A. welwitschiae CCMB 674 and A. niger, dated 833 thousand years
(609-1088C-I). The MRCA of the A. niger/A. welwitschiae clade dated
876 thousand years (609-1293C.I), which is much more recent than the
ones separating other Aspergillus species, for instance, the MRCAs of
A. brunneoviolaceus/A. aculeatinus (1.2Mya), and A. sclerotionger/A.
ibericus (6.2Mya) (Fig. 1).

2.2. Prospecting for positive selection evidences in A. welwitschiae strains

As described by the developers of HyPhy [21], BUSTED [22] “pro-
vides a gene-wide (not site-specific) test for positive selection by asking
whether a gene has experienced positive selection in at least one site on
at least one branch”, while MEME [23] “aims to detect sites evolving
under positive selection under a proportion of branches”. In our study,
these two methods for inferring positive selection pressure are combined
with the purpose of (i) detecting genes that are under positive selection
in A. welwitschiae but not in any other species in our analysis, and
consequently, (ii) differentiating the gene usage and presumably path-
ogenicity strategies in A. welwitschiae that differ from those other spe-
cies. From 1842 SCO orthogroups tested using the BUSTED model, 64
presented evidence of positive selection when comparing the three
A. welwitschiae strains to the other 39 fungal species [22]. These 64
orthogroups were also tested using the MEME branch-site model that
confirmed positive selection evidence in the same 64 orthogroups.
Among them, 28 families presented a p-value <0.0001 and were chosen
for further annotation with InterPro and Pfam using GoFeat [24]. The
consensus terms of InterPro and Pfam (meaning terms showed in all
three strains) were obtained for the A. welwitschiae genes in 25 gene
families, out of which 10 gene families have been previously described
in the literature with roles in pathogenicity (Table 1). The other 15 gene
families under positive selection have no specific effects on pathoge-
nicity described in the literature (Table S2).

Guided by the strong literature support for the role of their detected
domains in pathogenicity, we decided to further investigate two ortho-
log families under positive selection (0G3308 and 0G4361), by check-
ing sites under selection (detected with the MEME model). The OG3308,
which contains a Major Facilitator Superfamily domain according to
Interproscan and Pfam, was annotated as an iron transporter protein
(Fig. 2A). In this gene family, two mutations were detected in
A. welwitschiae strain CCMB 674 (ON695840) and one mutation in strain
CBS 139.54 (RDH30067.1). In the latter, the glycine in site 738 is
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Table 1

Gene clusters with positive selection evidence and previously associated with
pathogenicity, and their detected InterPro and Pfam codes (with respective
descriptions) present in all three A. welwitschiae strains.

Cluster Protein families and domains
IPR020846: Major facilitator superfamily domain
063308 IPR036259: MFS transporter superfamily

IPR011701: Major facilitator superfamily
PF07690: MFS_1 (Major Facilitator Superfamily)

References: Pel et al., 2007 [25]; Roohparvar et al., 2007 [26]; Wang et al., 2012 [27];
Menke et al., 2013 [28]; Natesan et al., 2013 [29]; Che et al., 2018 [30].

IPR003163: Transcription regulator HTH, APSES-type DNA-binding

domain

IPR018004: KilA, N-terminal/APSES-type HTH, DNA-binding

IPR020683: Domain of unknown function DUF3447

IPR036770: Ankyrin repeat-containing domain superfamily

IPR036887: HTH APSES-type DNA-binding domain superfamily

References: Donaldsson et al., 2013 [31]; Zhao et al., 2014 [32]; Rath et al., 2020 [33];
Xin et al., 2020 [34];

IPR027267: AH/BAR domain superfamily

IPR028245: Eisosome component PIL1/LSP1

PF13805: Pill(Eisosome component PIL1)

References: Suh et al., 2012 [35]; Athanasopoulos et al., 2013 [36]; Zhang et al., 2017
[371; Colou et al., 2019 [38];

IPR002110: Ankyrin repeat

IPR020683: Domain of unknown function DUF3447

IPR036770: Ankyrin repeat-containing domain superfamily

IPR036887: HTH APSES-type DNA-binding domain superfamily

IPR018004: KilA, N-terminal/APSES-type HTH, DNA-binding

IPR029793: MBF transcription factor complex subunit Mbp1/Res1/Res2

IPR003163: Transcription regulator HTH, APSES-type DNA-binding

domain

PF00023: Ank (Ankyrin repeat)

PF04383: KilA-N (KilA-N domain)

References: Medina et al., 2019 [39]; Hussein et al., 2011 [40].

IPR018327: Rad4 beta-hairpin domain 2

IPR004583: DNA repair protein Rad4

IPR038765: Papain-like cysteine peptidase superfamily

IPR018325: Rad4/PNGase transglutaminase-like fold

IPR018326: Rad4 beta-hairpin domain 1

References: Li et al., 2010 [41]; Feng et al., 2020 [42]; Paul et al., 2021 [43].

IPR004837: Sodium/calcium exchanger membrane region

IPR005185: Inner membrane component domain

PF01699: Na_Ca_ex (Sodium/calcium exchanger protein)

PF03733: YccF (Inner membrane component domain)

References: Kmetzsch et al., 2010 [44]; Hu et al., 2014 [45]; Klukovich et al., 2016
[46]; Qi et al., 2022 [47].

IPR034753: hSac2 domain

IPR022158: Inositol phosphatase

IPR002013: SAC domain

PF12456: hSac2 (Inositol phosphatase)

PF02383: Syja_N (Sacl homology domain)

References: Sheng et al., 2015 [48]; Zhang et al., 2015 [49].

IPR029058: Alpha/Beta hydrolase fold

IPR002921: Fungal lipase-like domain

PF01764: Lipase_3 (Lipase (class 3))

References: Stehr et al., 2003 [50]; Brunke & Hube, 2006 [51]; Gupta et al., 2015 [52].

IPR000961: AGC-kinase, C-terminal

IPR011009: Protein kinase-like domain superfamily

IPR000719: Protein kinase domain

PF00069: Pkinase (Protein kinase domain)

References: C. Wang et al., 2019 [53]; Y. Wang et al., 2019 [54]; Fabri et al., 2019
[55].

0G3525

0G3961

0G4087

0G4150

0G4361

0G4394

0G4836

0G4911

IPR008937: Ras-like guanine nucleotide exchange factor

IPR000651: Ras-like guanine nucleotide exchange factor, N-terminal
IPR019804: Ras guanine-nucleotide exchange factor, conserved site
IPR023578: Ras guanine nucleotide exchange factor domain superfamily
IPR001895: Ras guanine-nucleotide exchange factors catalytic domain
References: Gu et al., 2017 [56]; Martin-Vicente et al., 2019 [57].

0G4981

present in the other A. welwitschiae strains, and in an A. niger strain is
exchanged for a serine, as so happens in other A. niger strains. In the MFS
domain, which is also part of the siderophore domain, strain CCMB 674
and two other A. niger strains exchange the typical serine for alanine.
Finally, in site 37 (cytoplasmatic domain/coil) strain CCMB 674 con-
tains a valine instead of the alanine seen elsewhere. No mutations were
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Fig. 2. Sites with positive selection for 0G3308 (A), coding an iron transporter protein, and 0G4361 (B), coding for a Na*/Ca* exchanger. The figure shows a 10-
amino acid region around three alignment sites with positive selection evidence (p < 0.05). The corresponding Interproscan hits for A. welwitschiae proteins are

shown below the alignment.

detected in the gene of strain CCMB 663 (ON695834).

In 0OG4361 (Fig. 2B), three amino acid exchanges were detected; sites
97 and 1292 in strain CBS 139.54 (RDH27708.1), and site 1331 in strain
CCMB 674 (ON695839). No mutations were detected in the gene of
strain CCMB 663 (ON695835). The mutation in site 97 (non-cyto-
plasmatic domain) is unique to CBS 139.54, where the typical proline is
exchanged for a leucine. The mutation in site 1331 is unique to CCMB
674, in which the typical glycine is exchanged for serine. The mutation
in site 1292 is also seen in two strains of A. niger, where the glycine is
exchanged for an arginine. Both affect the proton exchanger domain, in
a non-cytoplasmatic and transmembrane domain, respectively.

2.3. Putative effectors in a. welwitschiae and their adaptive role

The content of effector proteins in Aspergillus welwitschiae was
described in a workflow of five software aiming to remove non-effector
proteins; DeepSig [58], SignalP v4.1 [59], TargetP v1.1 [60], TMHMM
v2.0 [61], and EffectorP v3.0 [62]. In total, we identified 660 candidate
effector proteins; 231 in A. welwitschiae strain CCMB 674, 188 in strain
CCMB 663, and 241 candidates in strain CBS 139.54. They were divided
into 263 orthogroups, of which 9 were exclusive of CCMB 663 and CBS
139.54 and 1 exclusive of CCMB 663 and CCMB 674 (families containing
only genes of these strains). The orthogroups containing candidate ef-
fectors were aligned and tested for positive selection evidences, using

HyPhy with BUSTED and MEME models as previously mentioned. Our
positive selection analysis obtained 12 gene families positively selected,
one of which is positively selected in A. welwitschiae strains CCMB 663
and CCMB 674, with no orthologs in strain CBS 139.54.

Orthogroup OG1694 was identified as a putative effector protein
with positive selection on four amino acid sites (Fig. 3). It contains two
CCMB 674 genes, one CCMB 663 gene, and two CBS 139.54 genes.
Interproscan identified a signal peptide and a PEBP domain in this
family, although neither could be detected on the strain CCMB 674 gene
ON695837. Three of these genes were clustered in a clade (ON695838
from CCMB 674, ON695836 from CCMB 663, and RDH30697.1 from
CBS 139.54) and the only mutation between them is a change of leucine
to phenylalanine in the signal peptide of CBS 149 (gene RDH30697.1).
As for the other two genes clustered separately in another clade,
ON695837 from CCMB 674 has a gap in the signal peptide, while the
pattern in RDH34005.1 is seen elsewhere.

3. Discussion

In this study, we aimed to understand the phylogenetic relationship
of Aspergillus welwitschiae in comparison with other fungal species, and
prospect genes likely involved in the infection, disease progression, and
other pathogenicity traits in this species that might help in the epide-
miological management of the bole rot of sisal. Our results show that
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Fig. 3. Sites with positive selection for 0G1694, coding a putative effector protein. The figure shows a 10-amino acid region around three alignment sites with
positive selection evidence (p < 0.05). The corresponding Interproscan hit for A. welwitschiae proteins is shown below the alignment.

phylogenomic relationships differ from our early thoughts, indicating
A. welwitschiae is still not well-defined taxonomically. Investigating the
evolution of gene families, we were able to reveal positive selection
evidence at the sequence level that might play a role in A. welwitschiae
pathogenicity. With the appropriate methods, we show that 28
A. welwitschiae orthologs differ from all other analyzed species with a p-
value <0.0001, including those orthologs of A. niger. 15 of those
orthologs have previously-described roles in pathogenicity. The detec-
tion of diversifying selection in these orthologs suggests that such genes
are relevant to the metabolism of A. welwitschiae in a different form than
other species, and when related to pathogenicity, that suggests that
these genes have a more crucial role in A. welwitschiae than it does in the
other species.

Our data shows that the clade including the three strains of Asper-
gillus welwitschiae does not possess a single common ancestor, but it
rather looks tangled with its closest, morphological cryptic species,
Aspergillus niger (Fig. 1). A. welwitschiae CCMB 674 escapes the clade
containing the other two strains of A. welwitschiae, sharing its closest
ancestor with the A. niger clade instead. Nonetheless, it diverged early
from the MRCA relative to the monophyletic A. niger clade. It might
indicate an ongoing process of speciation, meaning that strain CCMB
674 is a different phylogenetic lineage both from the A. niger and
A. welwitschiage. While this indicates a conflicting identity for
A. welwitschiae CCMB 674, deeper analysis is required to state whether it
is a separate species or not. Giraud et al. (2010) [63] describe that
substrate and host affinity might be a condition for this sympatric
speciation, as well as mating inside the host plant. Mating; however,
remains elusive in A. welwitschiae, A. niger, and many other species in
this genus [64] since they appear to be asexual/clonal species.

Furthermore, both CCMB 674 and CCMB 663 affect the same host (Agave
sisalana), and Aspergillus species, in general have a broad range of hosts
and niches, with niche/host switching as a common trait [65-67]. Since
Aspergillus spores are ubiquitous in the air [64], different species are
commonly found in close areas [68,69]. Kollar et al. (2022) [70] rein-
force the idea of species as a spatiotemporal entity, rather than a ter-
minal state. According to the authors, the present time state (Tp) is
preceded by two separately evolving stories (T_1) which is then pre-
ceded by a period of restrictions in gene flow, gradually leading to their
divergence (T_p). We hypothesize that A. welwitschiae CCMB 674 is
between T_; and T_; in comparison to the other strains of A. niger.
Hence, the driving forces behind the differentiation among
A. welwitschiae and A. niger could be restricted to the genetic drive and
the lack of gene flow [64].

Looking at specific gene functions and sequence similarities
(Figs. 2-4) gave us a more detailed understanding of how the
A. welwitschiae strains differ. Our diversifying selection analysis detected
different mutations that might confer advantages to various sites in
different domains, especially for A. welwitschiae CCMB 674, which re-
inforces the differentiation of this strain, but also for CCMB 663 and CBS
139.54 in some cases. Mutations with the strongest impact on the pro-
tein function are those in which the amino acid polarity, charge, or size,
is altered. A Glycine is exchanged for a Serine in two sites; in the side-
rophore domain of OG3308 (Table 1, Fig. 2A) in A. welwitschiae CCMB
674 and CCMB 663, and in the Na*/Ca®* exchanger region of 0G4361
(Table 1, Fig. 2B), only in A. welwitschiae CCMB 674. Glycine is a
nonpolar amino acid while Serine is polar neutral. In the Nat/Ca?*
exchanger region of strain CBS 139.54, a glycine, which is a nonpolar
amino acid, is replaced with an Arginine, which is a polar, positively
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charged amino acid.

The genes in OG3308 (Fig. 2A) code for proteins containing MFS
domains, more specifically for the transport of siderophores
(PTHR23501:SF87). Siderophores are iron-chelating compounds, usu-
ally small secreted proteins. Saha et al. (2013) [71] pointed out that only
the export of siderophores can be achieved via MFS, while the import of
Fe ions or the Fe-siderophore complex is usually performed by ABC
transporters or permeases. As for pathogenicity, the presence of a
siderophore-based iron acquisition system is typical of pathogenic mi-
croorganisms, and a requirement for successful pathogenicity [72]. The
positive selection/selective sweep of fungal MFS transporters is
described in a few articles, such as in Rhynchosporium commune [73],
Sclerotinia sclerotiorum [74], and Zymoseptoria tritici [75]. Nonetheless,
none of these works go into detail about the modifications of these
transporters.

Genes in 0G4361 (Fig. 2B) code for a calcium efflux pump; the Na*/
Ca%* exchanger protein. In Cryptococcus neoformans, a mutation in a
similar protein disrupts the Ca?"-calcineurin signaling pathway,
decreasing pathogenicity (measured by survival rate in contact with
mice macrophages). This mutation also increased sensitivity to Ca*
ions under CaCl; stress [44]. Nonetheless, in plants, CaCly is related to
drought resistance [76,77] but it might also cause osmotic stress [78].
For this reason, although Kmetzsch et al. (2010) [44] describe an
ortholog of their exchanger protein in A. fumigatus, the role of such
protein in plant pathogens such as A. welwitschiae is still unclear.

A set of mutations are also present in effector genes (0G1694, Fig. 3),
especially in A. welwitschiae CCMB 674 (Fig. 3). Except for a mutation in
the signal peptide, in which leucine is exchanged for phenylalanine in
A. welwitschiae CBS 139.54, all other sites refer to the gene ON695837 of
strain CCMB 674. In this gene, no signal peptide was detected, nor was
the PEBP domain found in other genes, which might indicate that this
effector gene is prone to duplications and mutation, as so happens in
other effector genes [79-81]. This gene was likely included in this gene
family because it shares similarities with the other genes later in the
sequence, in an area not shown in the positively selected sites. There-
fore, we hypothesize that this specific gene could be originated from an
event of duplication, and following the theory of birth-and-death of gene
evolution [79], it might have a different function (since the PEBP
domain is undetectable) or be affected by consecutive mutations to the
point it becomes completely uncharacterized. In fungi, PEBP has been
described as a protease inhibitor [82,83]. In plants, however, it is well-
studied as a florigen [84-86]. As it is a secreted protein, we believe that
fungi-synthesized PEPB could mimic plant PEBP and induce the transi-
tion from vegetative to reproductive states. In Agave, flowering mobi-
lizes fructan polymers, degrading complex structures to oligofructans
[87]. Hence, we hypothesize that fungal PEBP could trigger fructan
degradation typical of flowering stages in Agave to then feed off simpler
sugar molecules that would be addressed to the flowering structures.

Among other gene families previously described as participating in
pathogenicity, we found some with positive selection in A. welwitschiae
(Table 1). Family OG3525 includes proteins in the APSES-type DNA-
binding domain superfamily and KilA-N and Ankyrin repeats. APSES
proteins are transcription factors in the topology HTH (winged helix-
turn-helix family of proteins). They commonly contain KilA-N domain,
described in the literature as laterally transferred from DNA viruses [88]
and Ankyrin repeats. Despite their broad spectrum of functions, they
have been described as regulators of the production of secondary me-
tabolites in some fungal species. In Ustilago maydis, an APSES-type
protein was shown to be increasingly expressed 14 days after infection
in corn, repressing the formation of teliospores (spores that give rise to
basidia) during the biotrophic stage [31]. APSES-mutants in Fusarium
verticilioides were shown to decrease the production of fumonisin and
fusarin C, and decrease the efficiency in the infection of maize seedlings
[33]. In the entomopathogenic fungal species Metarhizium rileyi, the
mutation of APSES-like transcription factors impaired the pathogenicity
and increased the sensitivity to thermal stress [34]. Similarly, family
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0G4087 was annotated as an MBF transcription factor complex, con-
taining the subunit Mbpl/Resl/Res2, which also derives from viral
KilA-N repeats [39] and also presents Ankyrin domains. Despite the
scarcity of literature exploring MBF in pathogenicity, it has been
described that this transcription factor is crucial during the transition
from cell division stages G1 to S [40], which indicates that MBF might
have similar effects to APSES. Although A. welwitschiae does not produce
asci (the Ascomycota meiosporangia, homologous to Basidiomycota
basidia) or any kind of sexual sporoma (in fact, mating in A. welwitschiae
remains undescribed), fumonisins or fusarin C, as seen in our 2019 study
[19], suggests that these protein domains and families are involved in
lifestyle switching and the production of secondary metabolites.

Various gene families detected to be positively selected in our
A. welwitschiae strains might operate on pathogenicity via the meta-
bolism of lipids and regulation of the fungal cell wall (Table 1). The
component PIL1/LSP1 is included in 0G3961, and the protein coded by
these genes is part of the eisosome, a domain of the plasmatic membrane
with diverse functions, including regulation of sphingolipids and lipid
homeostasis as well as cell wall morphogenesis [89-91]. PIL1/LSP1
forms filaments that bend the membrane into the typical furrow shape of
the eisosome [89]. In the genus Aspergillus, there are a few studies on the
role of the eisosome on conidiation in Aspergillus nidulans [36,92,93] and
Aspergillus fumigatus [35]. Nonetheless, some research in fungal species
phylogenetically distant from A. welwitschiae describe the role of eiso-
somes in Alternaria brassicicola [38] and Beauveria bassiana [37]. In
Alternaria brassicicola, Colou et al. [38] have described that eisosome
components are overexpressed when the spores were exposed to com-
mon plant defense mechanisms (phytoalexins, osmotic stress); however,
mutations in Pil1A and PillB did not increase susceptibility to those
conditions. The authors [38] then hypothesize that eisosomes are
involved in appressoria formation, a structure used to invade the plant
host cell, usurp nutrients and deliver toxic compounds. Appressoria
were never described in A. welwitschiae, and a study including
A. fumigatus [94] could not find this structure in this species either,
although that does not harm their ability to invade the host cells. In
B. bassiana, an entomopathogen, mutations in PillA and Pil1B have
disputed the expression of autophagy-related genes, the formation of
autophagosomes, and decreased pathogenicity by making the fungus
unable to deliver proteases into the host, which could be viewed as an
equivalent to the eisosome role in toxin delivery via appressoria [37].

Another family with positive selection and related to lipid meta-
bolism was annotated as AGC Kinase. The role of AGC Kinases in the
metabolism of sphingolipids and pathogenicity have been described in
the literature. While in A. fumigatus the silencing of ypkA, an AGC Ki-
nase, causes a series of growth defects [55], its mutation also causes
decreased pathogenicity in plant and insect fungal pathogens [53,54].
The SAC1 protein (0OG4394) and the Ras-like guanine nucleotide ex-
change factor (0G4981) might also play a role in pathogenicity via the
maintenance of cell wall integrity, biofilm formation, and chitin depo-
sition [49,56,57]. Still from the perspective of lipid metabolism and
appressoria formation, the lipases (0G4836) act as important pathoge-
nicity factors in fungi, both for human pathogens [50,51] and for plant
pathogens [95]. In the latter, lipases were shown to be highly expressed
in early infections, while their repression significantly decreases disease
progression.

4. Conclusions

In this paper, we performed a comparative genomics study of 40
Aspergillus species and 2 outgroups, including three strains of
A. welwitschiae, a saprotroph/opportunistic pathogen. Among these, two
strains were isolated from Agave sisalana affected with the bole rot dis-
ease (CCMB 663 and CCMB 674). Previous research of our research
group [13] indicated that these two strains belong to two different
haplotypes, but our current study shows that CCMB 674 shared its last
common ancestor with A. niger, while its last common ancestor with the
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clade including CCMB 663 dates back to 833 thousand years ago. We
found point mutations in the genomes of A. welwitschiae that could be
related to pathogenicity. These mutations affect both primary meta-
bolism genes, such as membrane transporters and efflux pumps, and
specific traits, such as effector proteins that might disrupt sugar meta-
bolism in the host plant. With these results, we hope to expand the
knowledge on the evolution of the Aspergillus genus and improve disease
management through the dispersion of healthy individuals. Aspergillus
welwitschiae is a saprotroph/opportunistic pathogen.

5. Materials and methods
5.1. Genomic data

In addition to various species in the sections Nigri and Flavi of the
genus Aspergillus and other fungal species, which are listed in detail in
Table S1, this study comprises a new strain of Aspergillus welwitschiae:
CCMB 663, which was directly isolated from the stem of a field-collected
Agave sisalana plant in Conceicao do Coité, State of Bahia, Brazil, and
belongs to the same haplotype as A. welwitschiae strain CBS 139.54, as
determined in Duarte et al., (2018) [13]. Briefly, the stem sample from
which CCMB 663 was obtained was surface-sterilized and then plated on
PDA with chloramphenicol. Aspergillus CFUs were then cultivated onto a
new PDA plate. The identity of this strain was confirmed through Sanger
sequencing, and haplotypes were determined with adequate statistical
tests using all available A. welwitschiae barcoding sequences (calmodulin
gene) in public databases. For the WGS, the mycelia of A. welwitschiae
strain CCMB 663 was grown on potato dextrose agar medium (PDA —
Sigma-Aldrich, Missouri, USA) and incubated at 25 °C for 5 days, or until
covering the surface of a 9-cm Petri dish. Subsequently, the mycelium
was scrapped for genomic DNA extraction, which was performed with
FastDNA™ for Soil kit (MP Biomedicals — California, USA). Genomic
DNA quality and quantity were assessed by agarose gel electrophoresis
and fluorometric analysis, respectively. A 450-bp library was prepared
with NEBNext Fast DNA Fragmentation and Library Preparation Kit
(New England Biolabs, Nebraska, USA) following the manufacturer's
instructions. Library quality was evaluated with a 2100 Bioanalyzer
(Agilent — California, USA), and whole-genome sequencing was per-
formed on a HiSeq 2500 platform with the paired-end strategy and
estimated fragment size of 450 bp (Illumina — California, USA) in the
Georg August University Gottingen (Gottingen, Germany).

5.2. Genome assembly, annotation, and quality control of Aspergillus
welwitschiae CCMB 663

Genome assembly for Aspergillus welwitschiae strain CCMB 663 was
performed as in Quintanilha-Peixoto et al., (2019) [19]. Briefly, raw
reads were trimmed (Phred score > 20) with BBDuk and normalized
with BBNorm, both being components of the BBTools v.36.86 software
package [96]. Normalized reads were assembled with SPAdes v. 3.11.1,
and assembly metrics were assessed using the Perl script scaffold_stats.pl
[97] and BUSCO v. 3.1 [98]. Short contigs (< 800 nt) were removed
without any impact on ORF (open reading frame, coding) content (ac-
cording to BUSCO results). Non-annotated scaffolds of A. welwitschiae
CBS 139.54 were obtained from the Joint Genome Institute portal (JGI;
https://jgi.doe.gov/). Assembly QC was analyzed with Perl script scaf-
fold_stats.pl and BUSCO v.3, using the Ascomycota lineage dataset. The
resulting assemblies were annotated with MAKER2 v2.31.9 [99], with
support from ab initio predictors SNAP [100], GeneMark [101], and
Augustus [102], as seen in Masonbrink et al. (2019) [103]. To improve
gene prediction, a protein set containing sequences from Aspergillus
welwitschiae and Aspergillus niger, the phylogenetically closest species to
Aspergillus welwitschiae [16], was also used.
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5.3. Effector protein detection

Our approach to identifying secreted proteins was modified from
Cuesta-Astroz et al. [104]. All annotated proteins in Aspergillus welwit-
schiae strains CBS 139.54, CCMB 663, and CCMB 674 were submitted to
DeepSig [58] and SignalP v4.1 [59], both of which identify classical
secretory proteins. Following that, possible mitochondrial proteins were
removed by using TargetP v1.1 [60], and sequences containing trans-
membrane domains were removed using TMHMM v2.0 [61], using
default parameters for the three applications. For our effector proteins
analysis, it is worth noting that we considered classical effectors, that is,
proteins acting directly on the host, addressed outside of the fungal cell
via a signal peptide. The three predicted secretomes were submitted to
EffectorP v3.0 [62]. Putative effectors were also annotated with Local-
izer (for the prediction of subcellular localization in the host plant).
Finally, candidate effectors were annotated with InterPro and Pfam
using GO Feat [24].

5.4. Homology assignment and phylogenetic inferences

Homology assignment of gene families was performed using Ortho-
Finder v2.5.2 [105]. The species used in this analysis comprise the three
aforementioned strains of A. welwitschiae, 37 other Aspergillus species
from sections Nigri, Flavi, and other sections, as well as Neurospora
crassa and Penicillium rubens as outgroups, all with public genomes
(Table S1). The species phylogenomics was inferred using 1842 single-
copy orthologous gene families, whose proteins were aligned using the
built-in MAFFT module in OrthoFinder with default parameters and
then concatenated in a supermatrix. We used IQ-TREE v. 2.1.2 [106] for
phylogenetic inference with the parameter “-m TEST” to calculate the
best fitting model using BIC criteria, which was JTT + F + I + G4, with
1000 ultra-fast bootstrap replicates for branch support. IQ-TREE was
also used for the time calibration of the tree with the least-squares
analysis and two calibration points obtained from the TimeTree data-
base [107]: 64 Mya for the Aspergillus genera MRCA, and 3.8 Mya for
A. oryzae and A. flavus MRCA. For the phylogenetic inference of indi-
vidual gene families including paralogs, we used PRANK v.150803
[108] for the alignment using the parameter “-codon”, and, to obtain the
alignments in protein sequences, we used the parameters “-translate”
and “-convert”. IQTREE was used with the same settings as
aforementioned.

5.5. Detection of positive selection and expression in the predicted coding
sequences

For all single-copy gene families, we searched for evidence of
episodic positive (diversifying) selection using the BUSTED model [22]
implemented in HyPhy v.2.5.32 [21]. Families where a positive selec-
tion was detected with p-values <0.001, were also tested by the branch-
test of the MEME model [22] implemented in HyPhy, using genes from
the three A. welwitschiae strains marked as the foreground to be con-
trasted with the rest of the tree.
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Chapter IV — Iniciadores, Kit e Método para Identificacdo de Aspergillus Welwitschiae e
Diagnostico Molecular da Podriddo Vermelha de Agave sisalana e Seus Hibridos.

RESUMO: A presente tecnologia oferece um metodo inovador para a detec¢cdo molecular do
fungo Aspergillus welwitschiae, causador da podriddo vermelha em plantas de Agave sisalana
(sisal) e seus hibridos. O sisal é amplamente cultivado no Brasil, mas a producdo tem sido
afetada por essa doenga que causa o avermelhamento e morte dos caules das plantas.
Atualmente, a deteccdo da doenca é dificil, pois s6 pode ser observada quando os sintomas
externos se manifestam, momento em que a extragdo de fibras com qualidade é invidvel. Os
métodos existentes para o diagndstico sdo complexos, caros e dependem de méo-de-obra
altamente especializada. A nova tecnologia propde o uso de iniciadores e um kit de diagnostico
baseado na técnica de reacdo em cadeia da polimerase (PCR), que permite um diagndstico
rpido e preciso da podriddo vermelha. Esse método possibilita 0 manejo fitossanitario
adequado do cultivo, bem como a propagacéo de plantas sadias. Ao contrario de outras patentes
que tratam de inibir o desenvolvimento da doenca, a presente tecnologia concentra-se no
diagnostico de plantas possivelmente ja infectadas. Ela oferece uma solucéo simples, préatica e
de baixo custo para a identificacdo de Aspergillus welwitschiae, permitindo um controle mais
efetivo da doenca e a protecdo das culturas de sisal. Com o uso dessa inovacao, os produtores
de sisal no Brasil podem adotar medidas preventivas e de manejo mais eficientes, garantindo a
obtencdo de mudas saudaveis e a identificacdo precoce da doenca. Isso tem o potencial de
aumentar a produtividade do sisal e fortalecer a industria nacional de fibras naturais.

Palavras-chave: Patente, PCR, deteccgéo, infecgao.
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UNIVERSIDADE FEDERAL DE MINAS GERAIS

PORTARIA N2 2195, DE 06 DE ABRIL DE 2020

A REITORA DA UNIVERSIDADE FEDERAL DE MINAS GERAIS, no uso de suas atribuicdes legais e
estatutarias, considerando o disposto nos artigos 11 e 12 do Decreto-Lei n? 200, de 25 de fevereiro de
1967,

RESOLVE:

Art. 12 Delegar competéncia ao Diretor da Coordenadoria de Transferéncia e Inovagao Tecnoldgica (CTIT),
Professor Gilberto Medeiros Ribeiro, Inscricio UFMG n2 247405 e SIAPE n2 1964486, e a seu substituto
eventual para, no ambito desse Orgio,

a) assinar, por meio eletronico ou fisico, documentos ou instrumentos juridicos, concernentes ao
exercicio das atividades de competéncia da CTIT, no ambito da Lei 10.973/04 — Lei de Inovagdo
Tecnoldgica, da Politica de Inovagdao da UFMG e suas resolugdes especificas, tais como Contrato de
Transferéncia de Know-How, Contrato de Licenciamento de Tecnologia, Contrato de Partilhamento de
Titularidade de Tecnologia, Acordos de Confidencialidade e Termos de Sigilo, Termos de Autorizacdo de
Teste e documentos afins;

b) assinar, por meio eletronico ou fisico, documentagdo necessdaria para depdsito, processamento, adi¢ao,
retificacao, substituicdo, modificacdao, ampliacdo e resposta de relatérios referentes a objeto de protecao
de propriedade intelectual junto aos érgdos competentes, em ambito nacional e internacional;

c) autorizar a realizacdo de despesas dentro dos limites orcamentarios da CTIT;

d) autorizar a concessdo de suprimento de fundos a servidores da Unidade, bem como determinar a
baixa de responsabilidade;

e) requisitar passagens e transportes em geral, por quaisquer vias, nos limites da dotacdo orcamentdria
da CTIT;

f) autorizar viagens de servidores, a servico da Unidade, arbitrando-lhes as respectivas diarias,
obedecidas as disposicdes legais pertinentes;

g) assinar contratos, decorrentes de licitacdo, de dispensa de licitacdo ou inexigibilidade, no ambito da
CTIT;

h) prover arrecadacdo de receitas em geral, no ambito da CTIT; e

i) apurar dividas de terceiros para com a Universidade, oriundas de contratos de cotitularidade,
licenciamento, transferéncia, dentre outros, adotando as medidas necessarias a regularizacdo delas, no
ambito da CTIT.

Art. 22 Com base no disposto no Decreto n2 10.193, de 27 de dezembro de 2019, e no inciso Il do art. 12
e art. 32 da Portaria n2 243, de 12 de fevereiro de 2020, do Ministério da Educacdo (MEC), subdelegar
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competéncia ao supracitado Diretor e a seu substituto eventual para, no ambito da CTIT,

| - celebrar novos contratos administrativos decorrentes de licitacdo, de dispensa de licitacdo e de
inexigibilidade, ou prorrogar contratos em vigor relativos as atividades de custeio cujos valores sejam
inferiores a R$500.000,00 (quinhentos mil reais); e

Il - autorizar a realizacdo de despesas relativas as atividades de custeio cujos valores sejam inferiores a
R$500.000,00 (quinhentos mil reais).

Art. 32 Tornar sem efeito a Portaria n2 010, de 24 de janeiro de 2019.

Art. 42 A presente Portaria entra em vigor nesta data.

Belo Horizonte, 6 de abril de 2020.

Profa. Sandra Regina Goulart Almeida

Reitora

eil Documento assinado eletronicamente por Sandra Regina Goulart Almeida, Reitora, em 09/04/2020,
_ﬁ’mm:‘ L’_ﬂ as 17:17, conforme horario oficial de Brasilia, com fundamento no art. 62, § 12, do Decreto n2 8.539,
de 8 de outubro de 2015.

eletrbnica

Referéncia: Processo n2 23072.209054/2020-42 SEI n2 0096203
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PROCURAGAO INOVA n° 22/2022

D

At 51

PROCURACAO

Por este instrumento particular de Procuragédo, a UNIVERSIDADE ESTADUAL
DE CAMPINAS, autarquia estadual em regime especial, inscrita no CNPJ sob n°
46.068.425/0001-33, com sede na Cidade Universitaria “Zeferino Vaz”, Distrito de Barao
Geraldo, Campinas, Estado de S&o Paulo, neste ato representada por seu Reitor
Professor Doutor Antonio José de Almeida Meirelles, confere poderes especiais a
UNIVERSIDADE FEDERAL DE MINAS GERAIS - UFMG, com sede na Avenida
Antbnio Carlos, n° 6.627, Belo Horizonte, Minas Gerais, inscrita no CNPJ sob o n°
17.217.985/0001-04, representada neste ato pelo Professor Gilberto Medeiros Ribeiro,
Diretor da Coordenadoria de Transferéncia e Inovacdo Tecnolégica — CTIT, para
representa-la perante o Instituto Nacional da Propriedade Industrial — INPI, para o fim de
requerer e processar direitos de propriedade intelectual face ao pedido de patente
intitulado “INICIADORES, KIT E METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO VERMELHA DE
AGAVE SISALANA E SEUS HIBRIDOS, E USOS’, a ser depositado junto ao INPI, para
manté-lo em vigor com amplos poderes para assinar peticdes e documentos, pagar
taxas, anotar transferéncias, fazer prova de uso da invengdo patenteada, apresentar
oposicdes, recursos, réplicas, anotar, elaborar notificacdes extrajudiciais, e praticar para
os fins mencionados todos 0s atos necessarios perante as autoridades administrativas
competentes no Brasil e no exterior, em beneficio da Outorgante.

Esta procuracdo tera vigéncia de 10 (dez) anos, a partir da data de sua

assinatura, que correspondera a data da realizacdo da assinatura digital.

UNIVERSIDADE ESTADUAL DE CAMPINAS
Antonio José de Almeida Meirelles
Reitor
(assinado digitalmente)

ocumento assinado. Verificar autenticidade em sigad.unicamp.br/verifica
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Documento assinado eletronicamente por ANTONIO JOSE DE ALMEIDA MEIRELLES, REITOR, em 19/08/2022, as
15:47 horas, conforme Art. 10 § 2° da MP 2.200/2001 e Art. 1° da Resolugédo GR 54/2017.

A autenticidade do documento pode ser conferida no site: "'
sigad.unicamp.br/verifica, informando o codigo verificador: s ,A
A282E5EE 613E46E2 92EA7874 9BBEDEC1 W
<
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quinta-feira, 15 de abril de 2021

Diario Oficial Poder Executivo - Secéo |

Sao Paulo, 131 (71)=7

Palacio dos Bandeirantes, 14 de abril de 2021

JOAO DORIA

Rodrigo Garcia

Secretario de Governo

Henrique de Campos Meirelles

Secretario da Fazenda e Planejamento

Caué Macris

Secretario-Chefe da Casa Civil

Publicado na Secretaria de Governo, aos 14 de abril de
2021.

Atos do Governador

DECRETO(S)

DECRETOS DE 14-4-2021

Designando:

com fundamento no art. 9° da Lei 14.836-2012, e nos
termos do art. 14 do Dec. 58.438-2012, os abaixo indicados,
para compor, como membros, o Conselho Fiscal da Fundagao
Universidade Virtual do Estado de S&o Paulo - Univesp, para um
mandato de 2 anos:

| - Jorge Tatino Junior, RG 28.129.400-8, e Bruna Helena
Souza Teixeira de Barros, RG 28.804.221-9, respectivamente
como titular e suplente;

Il - Jorge Damido de Almeida, RG 8.744.912-2, e Maria
Victoria Bernardo Pereira, RG 49.092.692-7, respectivamente
como titular e suplente;

Il - Manuela Santos Nunes do Carmo, RG 32.719.470-
4, como titular, em reconducdo, e Alvina Reis de Souza, RG
19.370.328-2, como suplente;

com fundamento no art. 10 da LC 760-94, combinado com o
§ 1°do art. 3° da LC 815-96, os a seguir indicados, para compor,
como membros, o Conselho de Desenvolvimento da Regido
Metropolitana da Baixada Santista - CONDESB, na qualidade de
representantes do Estado:

| - da Secretaria de Infraestrutura e Meio Ambiente: Olivia
Pompeu de Mendonga Coelho, RG 30.590.503-X, e Claudio
Luiz Neves, RG 19.381.672-6, respectivamente como titular e
suplente, em complementacdo ao mandato de Raul Christiano
de Oliveira Sanchez e Maria Emilia Botelho;

Il - da Secretaria da Seguranca Publica, da Policia Militar:
Cassio Aratjo de Freitas, RG 18.391.171, e André Ricardo Herin-
ger, RG 23.333.693-X, respectivamente como titular e suplente,
em complementacdo ao mandato de Rogério Silva Pedro e
Marcos Roberto Barbosa Craveiro;

Il - da Secretaria de Esportes: Marcia Regina da Silva, RG
18.504.667-8, e Sonia Maria de Souza Gabriel, RG 8.920.523-6,
respectivamente como titular e suplente, em complementacdo
ao mandato de Sénia Maria de Souza Gabriel e Mauricio Oscar
Franco Marques;

IV - da Secretaria de Desenvolvimento Regional: Juliana
Maria Ogawa, RG 26.729.274-0, e Jesse James Latance, RG
22.209.666-4, respectivamente como titular e suplente, em
complementacdo ao mandato de Cassio de Castro Navarro e
Raquel Auxiliadora Chini;

V - da Casa Militar, do Gabinete do Governador, da Coor-
denadoria da Defesa Civil: Rodrigo Quintino, RG 21.880.369,
como titular, em complementacdo ao mandato de Henguel
Ricardo Pereira.

Nomeando, com fundamento no art. 59 dos Estatutos da
Universidade Estadual de Campinas - Unicamp, baixados pelo
Dec. 52.255-69, com suas alteragdes posteriores, Antonio José
de Almeida Meirelles, RG 4.632.690, para exercer o cargo de
Reitor da aludida Universidade, por um mandato de 4 anos, em
virtude do término do mandato do atual Reitor.

Governo

AGENCIA REGULADORA DE SERVICOS
PUBLICOS DELEGADOS DE TRANSPORTE
DO ESTADO DE SAO PAULO

CONSELHO DIRETOR

Deliberagdes de 14-4-2021

Processo Artesp 038.045/2019.

(Protocolo Artesp 462.713/19).

Visto, relatado e discutido o assunto tratado nos autos do
Processo Artesp 038.045/2019 (Protocolo Artesp 462.713/19), o
Conselho Diretor da Artesp, no uso de suas atribuicdes legais,
diante dos elementos de instrucdo do feito, que fundamentam a
presente, delibera nos seguintes termos:

Encaminha ao Secretario de Governo, minuta de Decreto
de Declaracdo de Utilidade Publica, para fins de desapropria-
¢do pela Concessionaria de Rodovias do Oeste de S&o Paulo
Viaoeste S.A, &s dreas necessarias as obras de duplicacdo do
Prolongamento do Contorno Alternativo de S&o Roque — entre o
km 58+300 e o0 61+000, localizadas no Municipio e Comarca de
Séo Roque, com area total de 2.744,00m? (dois mil, setecentos e
quarenta e quatros metros quadrados).

Tudo conforme a instrucdo dos autos, especialmente os
pronunciamentos das Diretorias de Investimentos, Assuntos Ins-
titucionais e D.D Consultoria Juridica, resultantes nas manifesta-
coes FD DAI 26209/19 (fl. 78); FD DAI 26536/19 (fl. 78); FD DIN
43203/20 (fl. 90); FD DAI 19150/20 (fl. 100); FD DAI 19319/20
(fl. 100); FD DIN 64630/20 (fl. 113 e verso); FD DIN 65358/20
(fl. 120); FD DIN s/n (fl. 120); FD DAI 24977/20 (fl. 124); FD
DAl 25262/20 (fl. 124v); FD DIN 04558/21 (fl. 138); FD DAI
02893/21 (fl. 159); FD DAI 03891/21 (fl. 159); FD DIN 11827/21
(fl. 161/162); copia do Parecer CJ/Artesp 367/2019 (fls. 74/76).

Fica ratificada toda a instrucdo processual e determinada a
adocdo das medidas pertinentes pelas areas técnicas da Artesp.

Houve aprovacao dos presentes por unanimidade de votos.

Processo Artesp 041.073/2020.

(Protocolo Artesp 514.162/20).

Visto, relatado e discutido o assunto tratado nos autos do
Processo Artesp 041.073/2020 — (Protocolo Artesp 514.162/20),
o Conselho Diretor da Artesp, no uso de suas atribuicdes legais,
diante dos elementos de instrucao do feito, que fundamentam a
presente, delibera nos seguintes termos:

Aprova a publicacdo da licitacdo, na modalidade concor-
réncia, referente a prestacao dos servicos publicos de amplia-
¢do, operacdo, manutencdo e realizacdo dos investimentos
necessarios para a exploracdo dos Complexos Aeroportuarios
constituidos pelos aeroportos integrantes do Bloco Noroeste e
Bloco Sudeste, tendo em vista que a modelagem final do projeto,
com a consequente autorizagdo para publicacao do Edital defini-
tivo e demais anexos, foi devidamente aprovada pelo Conselho
Diretor do Programa Estadual de Desestatizacdgo — CDPED, no
ambito da 187 Reunido Conjunta Ordindria, concernente a 254°
Reunido Ordinaria do Conselho Diretor do Programa Estadual de
Desestatizacdo, instituido por forca da Lei estadual n. 9.361, de
05-07-1996, e a 1012 Reunido Ordinaria do Conselho Gestor do
Programa Estadual de Parcerias Publico-Privadas, instituido por
forca da Lei Estadual 11.688, de 19-05-2004.

Tudo conforme a instrucdo dos autos, especialmente os
pronunciamentos do Departamento Aeroviario do Estado de
Sao Paulo, da Diretoria de Assuntos Institucionais resultantes

nas manifestacdes Oficio DAESP 138/2020 (fls. 141/146); Grupo
de Trabalho (fls. 732/767); FD DAI s/n (fls. 1087/1091 e verso).

Fica ratificada toda a instrucdo processual e determinada a
adocao das medidas pertinentes pelas areas técnicas da Artesp.

Houve aprovacao dos presentes por unanimidade de votos.

Processo Artesp 025.452/2017.

(Protocolo Artesp 372.789/17).

Visto, relatado e discutido o assunto tratado nos autos do
Processo Artesp 025.452/2017 - (Protocolo Artesp 372.789/17),
o Conselho Diretor da Artesp, no uso de suas atribuicdes legais,
diante dos elementos de instrucao do feito, que fundamentam a
presente, delibera nos seguintes termos:

Ratifica o ato do Diretor Geral, que acolheu na integra as
justificativas apresentadas, nos termos do artigo 65, I, "b" e §
1°, da Lei Federal 8.666/93, bem como, autoriza a celebracéo do
1° Termo Aditivo e Modificativo ao Contrato 0372/Artesp/2018,
firmado com a empresa Docprint Service Tecnologia Ltda, que
tem por objeto a contratacdo de servico de locacdo de equipa-
mentos de informatica com softwares e servico de manutengéo,
com a finalidade de:

i) Alterar os quantitativos de locagdo de servicos prestados
pela Contratada, nos termos dos Anexos |, Il e Ill, que sdo parte
integrante do presente Termo Aditivo e Modificativo.

i) Acrescer, com amparo no artigo, 65, I, “b” e § 1° da Lei
federal 8.666/93, o valor de R$ 66.526,43 ao contrato firmado
entre as partes, sendo o valor de R$ 44.350,95 para o exercicio
de 2021 e o valor de R$ 22.175,48 para o exercicio de 2022.

iii) O valor total do presente contrato passa a ser de R$
7.180.309,29 para o periodo de 48 (quarenta e oito) meses,
onerando o orcamento em sua classificacdo orcamentaria
26122511360920000.

iv) O acréscimo ora efetivado representa 0,94% do valor
inicial atualizado do contrato.

Tudo conforme a instrucdo dos autos, especialmente os
pronunciamentos da Unidade de Gestdo Administrativa e DD.
Consultoria Jur2

idica resultantes nas manifestagoes RA UGA 0017/21 (fls.
1521/1522); FD UGA 01856/21 (fls. 1523/1524). Parecer CJ/
Artesp 138/2021; FD UGA 01856/21 (fls. 1477 a 1480).

Fica ratificada toda a instrugdo processual e determinada a
adocdo das medidas pertinentes pelas areas técnicas da Artesp.

Houve aprovacao dos presentes por unanimidade de votos.

Processo Artesp 015.837/2013.

(Protocolo Artesp 245.892/13).

Visto, relatado e discutido o assunto tratado nos autos do
Processo Artesp 015.837/2013 - (Protocolo Artesp 245.892/13),
o Conselho Diretor da Artesp, no uso de suas atribuicoes legais,
diante dos elementos de instrucdo do feito, que fundamentam a
presente, delibera nos seguintes termos:

Ratifica o ato do Diretor Geral que acolheu na integra as
justificativas apresentadas, nos termos do artigo 57, incisos
Il e VI, § 4° da Lei Federal 8.666/93, bem como autoriza a
celebracdo do 6° Termo de Aditamento ao Contrato 0317/
Artesp/2016, firmado com o Consércio Setepla-Urbaniza-ECR,
atualmente denominado Consorcio Sener Setepla-ECR, formado
pelas empresas Sener Setepla Tecnometal Engenharia e Sistemas
S.A, e ECR Engenharia Ltda, que tem por objeto a execucdo de
servicos técnicos especializados de apoio a Agéncia Reguladora
de Servicos Publicos Delegados de Transporte do Estado de Séo
Paulo — Artesp, no acompanhamento e desenvolvimento de
novas metodologias de controle e execugdo de projetos, obras
e servicos correspondentes as atividades de Ampliacao/Obras,
Conservacao especial e de emergéncia, Projetos, Obras de Artes
Especiais, Meio Ambiente, Satde e Seguranca no Trabalho reali-
zadas nos Lotes de Concesséo 01, 03, 05, 06, 07, 08, 09, 10, 11,
12,13,16,19, 20, 21, 22, 23, 24 e 25, outorgada a exploracao da
iniciativa privada, integrante do Grupo 10, com a finalidade de:

I. Formalizar a alteracdo da razdo social do Consorcio
Setepla-Urbaniza-ECR para Consorcio Sener Setepla-ECR, bem
como seu endereco para Avenida Paulista, 2.300, 14° andar,
conjunto 141, sala 1, Bela Vista, Sdo Paulo — SP, CEP: 01310-300,
conforme Termo de Constituicdo de Consércio datado de 01-12-
2020, especificamente nos subitens 3.1 e 12.3.

II. Prorrogar o prazo de vigéncia do contrato por mais 12
meses, de 20-04-2021 a 19-04-2022.

I1l. Nao obstante o prazo previsto na Clausula Segunda deste
Termo de Aditamento, a Contratante pode considerar resolvida a
presente contratacdo por ocasido da conclusdo de procedimento
licitatorio em andamento (Processo Artesp 040.700/2020 — Proto-
colo 507.650/20), mediante prévia comunicagao a Contratada, por
escrito, com antecedéncia minima de 30 dias, nao sendo devida a
Contratada qualquer espécie de indenizagéo.

IV. O valor total estimado do presente contrato passa a ser
de R$ 5.828.635,99, para o periodo de 12 meses, sendo o valor
de R$ 2.045.536,68 para o presente exercicio, o valor de R$
3.783.099,31 para o exercicio de 2022, onerando o or¢amento
em sua classificagdo orgamentaria 26130511349130000.

Tudo conforme a instrugdo dos autos, especialmente os pro-
nunciamentos da Diretoria de investimentos, Unidade de Gestao
Administrativa e DD. Consultoria Juridica resultantes nas manifes-
tagdes RA UGA 0018/21 (fls. 87871/87880); FD UGA 01857 (fls.
87881/87882); Parecer Cl/Artesp 141/2021 (fls. 87779/87788).

Fica ratificada toda a instrucdo processual e determinada a
adocao das medidas pertinentes pelas areas técnicas da Artesp.

Houve aprovacao dos presentes por unanimidade de votos.

DEPARTAMENTO ESTADUAL DE
TRANSITO

Despacho da Diretora Vice-Presidente, de 29-3-2021

Diante dos fatos apurados nos autos, e com base no
Relatério Correcional do Procedimento CGA 015/19, DTRAN-
-EXP-2021/31304, fls. 237/244, bem como, com fundamento
no artigo 270 da Lei 10.261/68, com fulcro na Portaria Detran
158/2020, determino a instauracdo de Procedimento Adminis-
trativo Disciplinar em face da servidora M. L. L, RG. 30.XXX.
XXX-X SSP/SP, por ter descumprido os deveres preconizados nos
artigos 241, incisos IlI, XIIl e XIV da Lei Estadual 10.261/68; c/c
itens "3.3.1", "3.3.2" e "3.3.7", do Cédigo de Etica do Detran/
SP; ainda, infringindo, em tese, ao artigo 313-A, do Codigo Penal,
incorrendo no disposto do inciso Il do artigo 257 da Lei Estadual
10.261/1968, sem prejuizo de demais outras infracdes que o
caso possa demonstrar. Encaminhe-se a Geréncia de Recursos
Humanos, para anotacdes no prontuario funcional. Apds, com
transito direto, a Procuradoria de Procedimentos Disciplinares,
da Procuradoria Geral do Estado, em cumprimento ao disposto
no artigo 42 da Lei Complementar 1.270/15.

Portaria Detran - 90, de 14-4-2021

Avoca a inspecao semestral, no municipio de Sao
Paulo, para os veiculos destinados ao transporte
escolar e revoga a Portaria Detran-SP 363, de 5 de
setembro de 2016

O Diretor-Presidente do Departamento Estadual de Transito
(Detran-SP), com fundamento no inciso II, do artigo 10, da Lei
Complementar 1.195, de 17-01-2013 e alinea "b", do inciso I,
do artigo 10, do Decreto 59.055, de 9 de abril de 2013;

Considerando as disposicdes do artigo 136, do Codigo de
Transito Brasileiro (CTB), que torna obrigatdria aos veiculos
destinados a condugdo coletiva de escolares a obtencdo de
Autorizacdo de Transporte Escolar (ATE), emitida pelo drgdo ou
entidade executivos de transito dos Estados;

Considerando a Portaria Detran-SP 1.310, de 01-08-2014,
que dispde sobre a inspegdo e expedicdo de ATE destinada aos
veiculos de transporte escolar, de acordo com o artigo 136, do
Codigo de Transito Brasileiro;

Considerando a Portaria Detran-SP 363, de 05-09-2016, que
dispde sobre a descentralizacdo da inspegdo de veiculo destina-
do ao transporte escolar, registrado no municipio
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de S&o Paulo, transferindo o servico de inspecéo as Institui-
¢Oes Técnicas Licenciadas (ITL);

Considerando que o ano de 2020, as atividades sociais,
econdmicas e politicas na cidade de Sao Paulo, como nos demais
municipios no pais, foram gravemente afetadas por conta da
pandemia Covid-19, que impos restricéo de circulacéo de pessoas
e por consequéncia a paralisagdo do transporte escolar, causando
perdas significativas na renda dos profissionais da categoria;

Considerando o Plano Sao Paulo, apresentado pelo governo
do Estado de Séo Paulo, disciplinando a retomada gradual das
atividades em todo territrio paulista;

Considerando que, para o exercicio do trabalho de transpor-
te escolar na Capital, no primeiro semestre de 2021, é indispen-
savel a realizagdo da inspecdo veicular para garantir seguranca
as criangas e aos adolescentes, condutores e demais usuarios da
via publica, cujo valor da taxa é recolhido diretamente as ITL,
sem a interveniéncia do Estado;

Considerando o pleito apresentado ao Detran-SP por enti-
dades representativas de Transporte Escolar demonstrando as
dificuldades econémicas enfrentadas pela categoria em todo o
Estado, desde o ano passado, e a falta de recursos financeiros
para recolher aos cofres publicos o valor da taxa de inspecdo
para o primeiro semestre de 2021;

Considerando, por fim, que o governo do Estado de Sao
Paulo, sensibilizado com a justa reivindicacdo dos profissionais
dessa area, aprovou a Lei 17.360, de 31-03-2021, isentando o
transportador escolar do pagamento da referida taxa, especifica-
mente para o primeiro semestre de 2021, resolve:

Artigo 1° - Avoca a inspecdo semestral dos veiculos desti-
nados ao transporte escolar e registrados no municipio de Sao
Paulo e subordina a sua execugdo a Superintendéncia Regional
de Transito da Capital, nos termos da Portaria Detran-SP 1.310,
de 01-08-2014.

Paragrafo Unico: As providéncias necessarias para atingir
os fins pretendidos nesta portaria serdo baixadas mediante
comunicado deste Departamento.

Artigo 2° - Esta portaria entra em vigor na data de sua
publicacdo, revogando-se as disposicdes em contrario, em
especial a Portaria Detran-SP 363, de 5 de setembro de 2016.

DIRETORIA DE HABILITACAO

Portaria DH - 428, de 24-2-2021

O Diretor de Habilitagdo do Departamento Estadual de
Transito de Sao Paulo;

Considerando a legislacdo pertinente em vigor, especialmente
a Resolugao Contran 425/2012 e a Portaria Detran-SP 70/2017, que
dispdem sobre o credenciamento dos médicos que realizam exames
de aptiddo fisica e mental em candidatos a obtencdo da permissao
e da renovacdo da Carteira Nacional de Habilitagao-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC 2178530/2020, resolve:

Artigo 1° Autorizar a mudanca de endereco do(a) médico(a)
Luiz Alberto Fogal, inscrito(a) no CRM/SP sob 51.216, para a
realizacdo dos exames de aptidéo fisica e mental exigidos pela
legislagdo para candidatos a obtencao da permissao e da reno-
vacdo da Carteira Nacional de Habilitacdo-CNH, na Rua Canuto
do Val, 69, Bairro Santa Cecilia, Sd0 Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizagdo, a titulo precario e sem dnus para o Estado, podendo
ser revogado em funcdo do interesse da Administracéo.

Artigo 3° O credenciamento devera ser renovado bianualmen-
te, observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honorarios dos exames realizados séo fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Revoga-se a Portaria 938/2015, publicada em
23-07-2015 e Portaria 939/2015, publicada em 23-07-2015 que
autorizou a realizacdo da atividade no endereco anterior.

Artigo 6° Esta Portaria entrard em vigor na data de sua
publicagéo.

Portaria DH - 465, de 4-3-2021

O Diretor de Habilitagdo do Departamento Estadual de
Transito de S&o Paulo;

Considerando a legislagdo pertinente em vigor, especial-
mente a Resolugdo Contran 425/2012 e a Portaria Detran-SP
70/2017, que dispdem sobre o credenciamento dos médicos
que realizam exames de aptidao fisica e mental em candidatos
a obtencdo da permisséo e da renovagdo da Carteira Nacional
de Habilitagdo-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC: 221572/2021, resolve:

Artigo 1° Credenciar o(a) médico(a) Taciana Mara Filomeno
Orsini, inscrito (a) no CRM/SP sob 145.390, para a realizagao
dos exames de aptidao fisica e mental exigidos pela legislagdo
para candidatos & obtencdo da permisséo e da renovacdo da
Carteira Nacional de Habilitagdo-CNH, na Rua Darzan, 114,
Santana, Sao Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizagdo, a titulo precario e sem 6nus para o Estado, podendo
ser revogado em funcdo do interesse da Administracéo.

Artigo 3° O credenciamento devera ser renovado bianualmen-
te, observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honorarios dos exames realizados sao fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Esta Portaria entrard em vigor na data de sua
publicacdo.

Portaria DH - 466, de 4-3-2021

O Diretor de Habilitacdo do Departamento Estadual de
Tréansito de S&o Paulo;

Considerando a legislacdo pertinente em vigor, especial-
mente a Resolucdo Contran 425/2012 e a Portaria Detran-SP
70/2017, que dispdem sobre o credenciamento dos médicos
que realizam exames de aptiddo fisica e mental em candidatos
a obtencdo da permissdo e da renovacdo da Carteira Nacional
de Habilitagdo-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC 2060100/2020, resolve:

Artigo 1° Autorizar a mudanca de endereco do(a) médico(a)
Rossana Romagnoli Al Dergham, inscrito(a) no CRM/SP sob
47.584, para a realizacao dos exames de aptidao fisica e mental
exigidos pela legislagdo para candidatos a obtencdo da permis-
sao e da renovacao da Carteira Nacional de Habilitagdo-CNH, no
endereco Rua Professor Marcondes Domingues, 81, esquina com
a Rua Manuel Taveira, 37, Bairro: Parada Inglesa, Sao Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizagdo, a titulo precario e sem 6nus para o Estado, podendo
ser revogado em fungdo do interesse da Administragéo.

Artigo 3° O credenciamento devera ser renovado bianualmen-
te, observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honorarios dos exames realizados séo fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Revoga-se a Portaria 1971/2007 publicada em
09-10-2007 e Portaria 1709/2012 publicada em 08-11-2012,
que autorizaram a realizacdo da atividade no endereco anterior.

Artigo 6° Esta Portaria entrard em vigor na data de sua
publicacdo.

Portaria DH - 467, de 5-3-2021

O Diretor de Habilitacdo do Departamento Estadual de
Transito de S&o Paulo;

Considerando a legislacdo pertinente em vigor, especial-
mente a Resolucdo Contran 425/2012 e a Portaria Detran-SP
7012017, que dispdem sobre o credenciamento dos médicos
que realizam exames de aptidao fisica e mental em candidatos

a obtencdo da permissao e da renovagdo da Carteira Nacional
de Habilitagdo-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC: 69775/2021, resolve:

Artigo 1° Credenciar o(a) médico(a) Fernando Wolff, inscrito
(a) no CRM/SP sob 90.950, para a realizagdo dos exames de
aptidao fisica e mental exigidos pela legislacdo para candidatos
a obtencdo da permissdo e da renovagdo da Carteira Nacional
de Habilitagdo-CNH, na Rua Darzan, 114, Santana, Sao Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizagdo, a titulo precario e sem 6nus para o Estado, podendo
ser revogado em funcdo do interesse da Administracéo.

Artigo 3° O credenciamento devera ser renovado bianualmen-
te, observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honorarios dos exames realizados séo fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Esta Portaria entrard em vigor na data de sua
publicacdo.

Portaria DH - 468, de 10-3-2021

O Diretor de Habilitacdo do Departamento Estadual de
Transito de Sao Paulo;

Considerando a legislacdo pertinente em vigor, especial-
mente a Resolucdo Contran 425/2012 e a Portaria Detran-SP
7012017, que dispdem sobre o credenciamento dos médicos
que realizam exames de aptidao fisica e mental em candidatos
a obtencdo da permissdo e da renovagdo da Carteira Nacional
de Habilitagdo-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC 134158/2021, resolve:

Artigo 1° Autorizar a mudanca de endereco do(a) médico(a)
Ederli Assuncdo Ruiz, inscrito(a) no CRM/SP sob 47.079, para a
realizacdo dos exames de aptidéo fisica e mental exigidos pela
legislacdo para candidatos a obtencdo da permissdo e da reno-
vagdo da Carteira Nacional de Habilitagdo-CNH, no endereco Rua
Silva Bueno, 1660, Conjunto 708, Bairro: Ipiranga, Sao Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizagdo, a titulo precério e sem dnus para o Estado, podendo
ser revogado em fungdo do interesse da Administragéo.

Artigo 3° O credenciamento devera ser renovado bianualmente,
observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honorarios dos exames realizados séo fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Revoga-se a Portaria 1826/2013 publicada em
15-10-2013, que autorizou a realizacao da atividade no ende-
reco anterior.

Artigo 6° Esta Portaria entrard em vigor na data de sua
publicacdo.

Portaria DH - 469, de 17-3-2021

O Diretor de Habilitacdo do Departamento Estadual de
Transito de S&o Paulo;

Considerando a legislagdo pertinente em vigor, especial-
mente a Resolucdo Contran 425/2012 e a Portaria Detran-SP
7012017, que dispdem sobre o credenciamento dos médicos
que realizam exames de aptiddo fisica e mental em candidatos
a obtencdo da permissao e da renovagdo da Carteira Nacional
de Habilitagdo-CNH;

Considerando o cumprimento das exigéncias legais e técnicas,
a teor dos documentos ofertados no SPDOC 69502/2021, resolve:

Artigo 1° Autorizar a mudanca de endereco do(a) médico(a)
Cristina Diogo Domingos, inscrito(a) no CRM/SP sob 90.580,
para a realizagdo dos exames de aptiddo fisica e mental exigidos
pela legislacdo para candidatos a obtengdo da permisséo e da
renovacdo da Carteira Nacional de Habilitacdo-CNH, inclusive
pessoas com deficiéncia fisica ou mobilidade reduzida no ende-
reco Rua Amador Bueno, 143, Bairro: Santo Amaro, Sao Paulo/SP.

Artigo 2° O credenciamento é realizado sob a forma de
autorizacdo, a titulo precario e sem 6nus para o Estado, podendo
ser revogado em funcdo do interesse da Administracao.

Artigo 3° O credenciamento devera ser renovado bianualmen-
te, observando-se todas as exigéncias legais e técnicas para tanto.

Artigo 4° Os honordrios dos exames realizados sao fixados
em 3.300 UFESP, de acordo com o estabelecido no item 4.1,
capitulo IV do anexo | a que se refere o artigo 25, inc. IV Lei
15.266 de 26-12-2013.

Artigo 5° Revoga-se a Portaria 388/2007 publicada em
02-02-2007 e Portaria 2532/2013 publicada em 27-12-2013,
que autorizaram a realizacdo da atividade no enderego anterior.

Artigo 6° Esta Portaria entrard em vigor na data de sua
publicacdo

SUPERINTENDENCIAS REGIONAIS DE TRANSITO

SU[’ERINTENDENCI@ REGIONAL DE
TRANSITO DA REGIAO METROPOLITANA
DE SAO PAULO

732 Ciretran - Sao Bernardo do Campo
Portarias do Diretor Técnico lll, de 14-4-2021
Concedendo:

a renovagdo do credenciamento do médico Carlos Renato
Roquette Ferreira - CRM 094830, estabelecido(a) na Rua Medi-
terraneo, 52, Jardim do Mar, na Cidade de S&o Bernardo do
Campo, CEP 09750-420, para Realizagdo dos Exames de Aptidao
fisica e mental exigidos na legislagdo vigente, para condutores
e candidatos & obtencdo de Carteira Nacional de Habilitagdo. A
autorizagdo de funcionamento é conferida até o Gltimo dia do
més de marco de 2023, pendente, ao final desse periodo, da
renovagdo do pedido de funcionamento, nos termos do artigo
24 da Portaria Detran 70/2017. O prazo acima esta vinculado
a vistorias periddicas, podendo a qualquer tempo ser revogado,
em caso de ndo atendimento dos requisitos da Portaria Detran
70/2017 e demais legislagGes em vigor sobre a matéria. Esta Por-
taria entra em vigor na data de sua publicacdo. (Port.14/2021).

a renovacao do credenciamento do médico Paulo de Tarso
Ramacciotti - CRM 021672, estabelecido(a) na Av. das Rosas,
146, Jardim Maria Cecilia, na Cidade de Sio Bernardo do
Campo, CEP 09720-490, para Realizacao dos Exames de Aptidao
fisica e mental exigidos na legislacdo vigente, para condutores
e candidatos a obtencéo de Carteira Nacional de Habilitagdo. A
autorizacdo de funcionamento é conferida até o Gltimo dia do
més de marco de 2023, pendente, ao final desse periodo, da
renovagao do pedido de funcionamento, nos termos do artigo
24 da Portaria Detran 70/2017. O prazo acima esta vinculado
a vistorias periddicas, podendo a qualquer tempo ser revogado,
em caso de ndo atendimento dos requisitos da Portaria Detran
70/2017 e demais legislacdes em vigor sobre a matéria. Esta Por-
taria entra em vigor na data de sua publicacdo. (Port.15/2021).

a renovagdo do credenciamento do médico Milton Buissa
- CRM 032801, estabelecido(a) na Av. das Rosas, 146, Jardim
Maria Cecilia, na Cidade de Sao Bernardo do Campo, CEP
09720-490, para Realizacdo dos Exames de Aptidao fisica e
mental exigidos na legislacao vigente, para condutores e candi-
datos a obtencdo de Carteira Nacional de Habilitacdo. A autori-
zacdo de funcionamento é conferida até o ultimo dia do més de
marco de 2023, pendente, ao final desse periodo, da renovagdo
do pedido de funcionamento, nos termos do artigo 24 da Por-
taria Detran 70/2017. O prazo acima esta vinculado a vistorias
periddicas, podendo a qualquer tempo ser revogado, em caso de
ndo atendimento dos requisitos da Portaria Detran 70/2017 e
demais legislagdes em vigor sobre a matéria. Esta Portaria entra
em vigor na data de sua publicacéo. (Port.16/2021).

a renovacao do credenciamento do médico Walter Cordoni
Filho - CRM 027703, estabelecido(a) na Av. das Rosas, 146,
Jardim Maria Cecilia, na Cidade de Sdo Bernardo do Campo,
CEP 09720-490, para Realizagdo dos Exames de Aptidao fisica


Vitória Alicia Benedet
Destaque
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“INICIADORES, KIT E METODO PARA IDENTIFICACAO DE
ASPERGILLUS WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA
PODRIDAO VERMELHA DE AGAVE SISALANA E SEUS HIBRIDOS, E

USO0S”

[01] A presente tecnologia trata de dois iniciadores, definidos pelas
SEQ ID N° 1 e 2, um kit contendo os iniciadores e um método para
deteccdo molecular de Aspergillus welwitschiae, agente etiolégico da
podriddo vermelha da espécie vegetal Agave sisalana e seus hibridos,
conhecidos como sisal, baseado na técnica de reacdo em cadeia da
polimerase (PCR). A tecnologia se refere ainda ao uso dos iniciadores e
do kit para o diagnéstico da podriddo vermelha do sisal.

[02] O Brasil € o maior produtor de fibras naturais provenientes da
espécie Agave sisalana, também chamada de sisal, estando os cultivos
da planta concentrados majoritariamente no estado da Bahia e, em
menor propor¢do, na Paraiba e outros estados do Nordeste. Um dos
mais relevantes fatores que limitam o cultivo de sisal nestes locais e a
consequente producdo de fibras naturais € uma doenca que afeta os
caules da planta, caracterizado por uma coloracdo vermelha intensa nas
regides afetadas deste 6rgéo, seguido por clorose (amarelamento das
folhas) e pela morte da planta.

[03] A podriddo vermelha do caule de sisal é uma doenca causada pelo
fungo filamentoso Aspergillus welwitschiae, e é uma das grandes
responsaveis pela queda na producao de fibras de sisal desde 2012,
ainda que o Brasil se mantenha como maior produtor deste material.

[04] Nas condicbes atuais, a doenca sO pode ser percebida quando a
planta mostra sintomas visiveis em seu exterior (como a clorose,
supramencionada), e nesta etapa, a extracdo das fibras (que agrega

valor econbmico a planta) ja seria inviavel, assim como a propagacao de
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bulbilhos (brotos que surgem apods a floracdo em grandes penddes)
infectados com a doenca.

[05] A. welwitschiae é uma espécie criptica de Aspergillus niger, e
atualmente o uUnico método que pode ser aplicado ao diagndéstico da
doenca, ainda que este ndo seja seu proposito inicial, se da por meio de
uma associagdo de técnicas microbiologicas com PCR e
sequenciamento de DNA, o que possui altissimo custo, além de tratar-se
de um processo moroso e dependente de méao-de-obra altamente
especializada, o que praticamente impossibilita sua execucdo. A
podriddo vermelha do caule de sisal afeta também a propagacao deste
cultivo, feita inteiramente de forma assexuada, seja por mudas (plantas-
filhas ligadas a planta matriz por um caule subterraneo, o rizoma) ou por
bulbilhos.

[06] Partindo desta premissa, a presente tecnologia se refere a um
método para realizar o diagnéstico molecular rapido e preciso da
podriddo vermelha, possibilitando manejo fitossanitario do cultivo e
propagacao de Agave sisalana e outras variedades associadas, também
afetadas por esta condicdo, garantindo mudas sadias e um diagndstico
precoce.

[07] O documento de patente CN109369280, intitulado “Inhibit the
preparation method of the slow released fertilizer of sisal hemp stem rot
and chlorotic mottle”, depositado em 17 de dezembro de 2017, trata de
um método para inibir ou evitar o desenvolvimento da podriddo vermelha
em sisal. A presente tecnologia se difere, pois descreve um metodo para
diagndstico da podriddo vermelha em plantas possivelmente ja
infectadas.

[08] A presente tecnologia trata de dois iniciadores, um kit contendo os
iniciadores e um método para deteccdo molecular baseado de

Aspergillus welwitschiae, agente etiologico da podriddo vermelha da
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espécie vegetal Agave sisalana e seus hibridos, conhecidos como sisal.
A tecnologia consiste em um método simples, pratico e de custo reduzido
para a deteccéo da doenca.

BREVE DESCRICAO DAS FIGURAS

[09] A Figura 1 apresenta o gel de eletroforese contendo da esquerda
para a direita, o marcador molecular da KASVI de 1Kb (1), reacao
negativa do par de iniciadores AWF/AWF (2), banda da amplificacao de
CCMB 674 (3), banda de amplificacdo de CCMB 663 (4), e banda de
amplificacdao de A. niger CCT 4026 (5). Em seguida, a banda da
amplificacdo de CCMB 674 (6), banda de amplificacédo de CCMB 663 (7),
e banda de amplificacao de A. niger CCT 4026 (8) e reacao negativa (9)
do par de iniciadores awaspec/cmd6. Por ultimo, marcador da KASVI de
1Kb (10).

[10] A Figura 2 mostra o gel de eletroforese contendo, sempre na
mesma ordem, da esquerda para a direita, a banda da amplificacao de
CCMB 674, banda de amplificacao de CCMB 663, e banda de
amplificacéo de A. niger CCT 4026 dos iniciadores de Aw1 (1-3), Aw2 (4-
6), Aw3 (7-9), Aw4 (10-12), Aw5 (13-15), e Aw6 (16-18). Marcador
molecular KASVI (19).

[11] A Figura 3 mostra o gel de eletroforese contendo, sempre na
mesma ordem, da esquerda para a direita, a banda da amplificacdo de
CCMB 674, banda de amplificacdo de CCMB 663, e banda de
amplificacdo de A. niger CCT 4026 dos iniciadores de Aw7 (1-3), Aw8 (4-
6), Aw9 (7-9), e Awl0 (10-12). Em seguida, banda da amplificacdo de
CCMB 674 (13), banda de amplificacdo de CCMB 663 (14), néo
amplificacao de A. niger CCT 4026 (15) com a reacdo de Aw8 otimizada.
Marcador molecular KASVI (16).

[12] A Figura 4 representa o gel de eletroforese contendo, na parte

superior os resultados obtidos a partir da reacdo A, onde da esquerda
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para a direita; Marcador molecular KASVI (1), banda da amplificacdo de
CCMB 674 nas temperaturas de anelamento de 57,7 °C (2), 60 °C (3), e
64°C (4). Banda da amplificacdo de CCMB 663 nas temperaturas de
anelamento de 57,7 °C (5), 60 °C (6), e 64°C (7). Banda da amplificacao
de A. niger CCT 4026 nas temperaturas de anelamento de 57,7 °C (8),
60 °C (9), e 64°C (10). Marcador molecular KASVI (11). Na parte inferior
estao os resultados obtidos a partir da reacéo B, onde da esquerda para
a direita; Marcador molecular KASVI (1), banda da amplificacdo de
CCMB 674 nas temperaturas de anelamento de 57,7 °C (2), 60 °C (3), e
64°C (4). Banda da amplificacdo de CCMB 663 nas temperaturas de
anelamento de 57,7 °C (5), 60 °C (6), e 64°C (7). Banda da amplificacéo
de A. niger CCT 4026 nas temperaturas de anelamento de 57,7 °C (8),
60 °C (9), e 64°C (10). Marcador molecular KASVI (11).

[13] A Figura 5 apresenta o gel de eletroforese apresentando da
esquerda para a direita, banda da amplificacédo de CCMB 674 e banda de
amplificacdo de CCMB 663, primeiro em sua concentracao (1-2) inicial e
depois em sequéncia para suas respectivas diluicbes de 2 (3-4), 5 (5-6),
10 (7-8), 50 (9-10), 100 (11-12) e 1000 vezes (13-14). Marcador
molecular KASVI (15).

DESCRICAO DETALHADA DA TECNOLOGIA

[14] A presente tecnologia trata de dois iniciadores, um kit contendo os
iniciadores e um método para deteccdo molecular de Aspergillus
welwitschiae, agente etioldgico da podriddo vermelha da espécie vegetal
Agave sisalana e seus hibridos, conhecidos como sisal, baseado na
técnica de reacdo em cadeia da polimerase (PCR). A tecnologia se refere
ainda ao uso dos iniciadores e do kit para o diagndstico da podridao
vermelha do sisal.

[15] Mais especificamente, os iniciadores sédo definidos pelas SEQs ID
N°1le?2.
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[16] O kit para identificacdo de Aspergillus welwitschiae diagndstico
molecular da podriddo vermelha de Agave sisalana e seus hibridos
compreende um par de iniciadores definidos pelas SEQ ID N° 1 e 2.
[17] O kit otimizado pode compreender até 60% v/iv de H,O
complementar, 10 a 30% v/v de tampéo de reacéo, 0,3 a 10 uM de cada
iniciador, 100 a 500 uM de desoxirribonucluotideos fosfatados (dNTP),
0,02 a 0,1 U/ul de enzima DNA polimerase, 0 a 10% v/v de
dimetilsulfoxido (DMSQO) e de 0,75 a 500 ng de DNA total extraido de
plantas do género Agave ou do fungo a ser identificado.
[18] O método para identificacdo de Aspergillus welwitschiae e
diagnostico molecular da podriddo vermelha de Agave sasilana e seus
hibridos compreende as seguintes etapas:

a) Coleta e preparo da amostra biolégica;

b) Extracdo e dosagem do DNA da amostra preparada em “a”;

C) Realizagcdo da PCR utilizando os iniciadores definidos pelas

SEQIDN®**1e2;

d) Obtencé&o do resultado em gel de eletroforese.
[19] Na etapa “a”, o material biolégico pode ser amostra de caule ou
folhas ou fungo a ser identificado e o preparo da amostra pode ser
realizado através das etapas de seccionamento e particdo da amostra
bioldgica em frascos estéreis livres de &acidos nucleicos e posterior
refrigeracéo.
[20] Na etapa “b”, a extracdo do DNA pode ser realizada utilizando
qualquer procedimento padrdo de lise de células que considere a
complexidade de rompimento das células vegetais e fangicas, podendo
ser quimico, fisico ou biolégico, com subsequente purificacdo de DNA e a
dosagem do DNA ser realizada por fluorometria, espectrofotometria ou

outro método de quantificacao.
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[21] Na etapa “c”, a amplificacdo das amostras positivas pode ser
realizada sob o0s seguintes parametros de corrida em termociclador:
desnaturacédo inicial a 98°C por 30 s, seguido de 25 a 35 ciclos de
desnaturacéo a 98°C por 5 a 10 s com anelamento de 60 a 64°C por 10 a
30 s e extensdo de 72°C por 30 s/kb, e extenséo final de 5 a 10 min,
sendo que, com excecdo da temperatura de anelamento, as
temperaturas e tempos podem variar de acordo com as especificacdes
do fabricante da enzima DNA polimerase.

[22] Na etapa “d”, o resultado positivo para podriddo vermelha na
amostra pode ser detectado mediante a presenca de uma banda de
aproximadamente 409 pb correspondente a espécie em questdo no gel,
e caso a amostra seja negativa ndo havera amplificacdo de nenhuma
banda.

[23] Os iniciadores e o kit da presente tecnologia podem ser utilizados
para o diagnostico da podriddo vermelha de Agave sisalana e seus
hibridos ou identificacdo de Aspergillus welwitschiae.

[24] A presente tecnologia pode ser mais bem compreendida através
dos exemplos que se seguem, nao limitantes da tecnologia.

EXEMPLO 1 - ANALISES COMPUTACIONAIS PARA SELECAO E
DESENVOLVIMENTO DE INICIADORES EXCLUSIVOS PARA CEPAS
FITOPATOGENICAS DE ASPERGILLUS WELWITSCHIAE

[25] Para desenvolver um teste diagnostico especifico para a doenca,
utilizamos métodos computacionais para selecdo de iniciadores e
posterior validacdo deles. Foi realizada uma analise de ortélogos
utilizando o software OrthoFinder v. 2.4 (Emms & Kelly, 2018) com o
parametro “-d”, para utilizar sequéncias de DNA como entrada. Para a
analise foram utilizados 40 genomas de Aspergillus e mais 2 outgroups
(Tabela 1), sendo que, dentre esses, ha a montagem de 2 genomas de

haplétipos de A. welwitschiae isolados da regido sisaleira da Bahia;
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CCMB 663 e CCMB 674. As sequéncias de DNA codificantes (CDS)

foram obtidas a partir do site do NCBI (https://www.ncbi.nlm.nih.gov/).

Tabela 1 - Genomas utilizados (conjuntos de CDS) para a analise de

ortélogos.
_ _ NUmero de acesso
Secéo Espécie Linhagem
no GenBank
Aspergillus
_ CBS 536.65 GCF_009176365.1
alliaceus
Aspergillus
IBT 18842 GCA_009193465.1
avenaceus
Aspergillus
. NRRL 26010 GCF_001792695.1
bombycis
Aspergillus
CBS 763.97 GCF_009193585.1
Flavi caelatus
Aspergillus flavus AF13 GCA 014117485.1
Aspergillus
. CBS 151.66 GCA _009176345.1
leporis
Aspergillus
RIB40 GCF_000184455.2
oryzae
Aspergillus
_ IBT 12657 GCA _009176395.1
pseudonomiae
o Aspergillus
Fumigati _ Af293 GCF_000002655.1
fumigatus
_ Aspergillus
Nidulantes _ FGSC A4 GCF_000149205.2
nidulans
Aspergillus
_ CBS 121060 GCA _003184765.1
o aculeatinus
Nigri :
Aspergillus
ATCC 16872 GCA _001890905.1
aculeatus
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Aspergillus
o CBS 101740 GCA_001889945.1
brasiliensis
Aspergillus
_ CBS 621.78 GCA_003184695.1
brunneoviolaceus
Aspergillus
. ITEM 5010 GCA_001990825.1
carbonarius
Aspergillus
o CBS 707.79 GCA _003184645.1
ellipticus
Aspergillus
_ CBS 122712 GCA_003184535.1
eucalypticola
Aspergillus
CBS 117.55 GCA_003184545.1
heteromorphus
Aspergillus
CBS 101889 GCA _003184865.1
homomorphus
Aspergillus
o CBS 121593 GCA _003184845.1
ibericus
Aspergillus
. CBS 114.80 GCA_003184685.1
indologenus
Aspergillus
_ RIB 2604 GCA_001602395.1
luchuensis
Aspergillus
_ IFO4308 GCA _000239835.2
luchuensis
Aspergillus
_ CBS 115656 GCA _003184625.1
neoniger

Aspergillus niger

FDAARGOS_311

GCA_002211485.2

_ _ N402 (ATCC
Aspergillus niger GCA_900248155.1
64974)
Aspergillus niger CBS 101883 GCA_003184595.1
Aspergillus niger ATCC 1015 GCA_000230395.2
Aspergillus niger CBS 513.88 GCA _000002855.2
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Aspergillus
o CBS 112811 GCA_003184755.1
piperis
Aspergillus
_ JOP 1030-1 GCA_003184585.1
saccharolyticus
Aspergillus
o CBS 115572 GCA _003184525.1
sclerotioniger
Aspergillus
_ _ WU-2223L GCA _013340325.1
tubingensis
Aspergillus
_ _ CBS 134.48 GCA_001890745.1
tubingensis
Aspergillus
CBS 121591 GCA_003184745.1
uvarum
Aspergillus
_ CBS 113365 GCA _003184925.1
vadensis
Aspergillus
_ _ CBS 139.54 GCA _003344945.1
welwitschiae
Aspergillus _ . ]
. . CCMB 663 Ainda néo disponivel
welwitschiae
Aspergillus _ . ]
_ _ CCMB 674 Ainda n&o disponivel
welwitschiae
Neurospora
OR74A GCF_000182925.2
crassa
Outros
Penicillium Wisconsin 54-
GCF_000226395.1
rubens 1255
Aspergillus
Ustus _ SF006504 GCA _001511075.1
calidoustus

[26] A partir do resultado, selecionamos familias génicas que continham
apenas genes pertencentes as linhagens de Aspergillus welwitschiae
(CBS 139.54, CCM 663 e CCB 674), ou seja, familias exclusivas dessas
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linhagens. A partir desse conjunto de 34 familias génicas, desenhamos

iniciadores  utilizando o software PrimerBlast (disponivel em

https://www.ncbi.nlm.nih.gov/tools/primer-blast/) com os parametros
padrao e com “Aspergillus welwitschiae” na opg¢ao “organism”. Os
iniciadores foram escolhidos com base no tamanho do amplicon,

favorecendo maiores produtos de PCR (Tabela 2).

Tabela 2 - Iniciadores candidatos selecionados apés analise de ortdlogos

e filtragem por tamanho de amplicon.

] ] Compri o
Nome  Cluster Sequencia (5'->3") Fita Inicio Parada GC% ™
mento
o CACCGTCCA
iniciador
ATTTTCCGC + 20 48 67 55 60,11
Senso
AG
iniciador AGTCATGCC
0OG003 )
Aw_ 1004 anti- CAGCACAAT - 20 888 869 50 59,96
senso GA
tamanho
do 841
produto
o TGCTGCCCT
iniciador
CCATTACAC + 20 780 799 55 60,04
senso
AG
iniciador TGGCCCGCA
0OG003 ]
Aw_ 1008 anti- TACTCACAA - 20 1609 1590 50 60,03
senso AT
tamanho
do 830
produto
o TGGCGTACC
iniciador
TGGAAGAGA + 20 481 500 55 59,96
Senso
GA
iniciador GGATCCCCA
0OG003
Aw_ 0965 anti- TGAGAGCGA - 20 1212 1193 60 60,04
senso TG
tamanho
do 732
produto
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o TGGCTCAGG
iniciador
TTCCATCCC 20 895 914 55 59,96
senso
TA
iniciador CCTGTTGCC
0OG003 ]
Aw_ 0964 anti- CAGATCCCA 20 1586 1567 55 60,03
senso AT
tamanho
do 692
produto
o CTTCATTTCG
iniciador
CCACTGGCA 20 69 88 55 60,11
Senso
C
iniciador CCCATCATC
0OG003 )
Aw 1380 anti- GCCGTGTTC 20 663 644 55 59,9
senso TA
tamanho
do 595
produto
o AGAAGTACG
iniciador
TGTGGGAAG 20 269 288 55 60,04
senso
CG
iniciador GGTGCGGAT
0OG003 )
Aw 0969 anti- AATGTCGGT 20 753 734 55 59,9
senso CT
tamanho
do 485
produto
o GAAGCCTGG
iniciador
TGACGTTCT 20 461 480 55 59,97
Senso
CA
iniciador TTGCCCGTG
0OG003 ]
Aw_ 0966 anti- GAAATACCC 20 944 925 55 60,03
Senso TC
tamanho
do 484
produto
o CACCTGATC
Aw_8 iniciador
CTGGAGGGA 20 358 377 60 60,03
(SEQs 0OGO003 Senso GA
IDs N°1 1003 __
iniciador AGCCACCTG
e?2) ] 20 766 747 55 60,03
anti- GAGAAGCAA
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Senso TC
tamanho
do 409
produto
o CAGCTCGCA
iniciador
GACATACTC + 20 49 68 55 59,9
senso
GT
iniciador GACCACCGA
0OG003
Aw_9 0687 anti- TGTCCTGGT - 20 401 382 55 59,96
senso TT
tamanho
do 353
produto
o TGGATCACC
iniciador
ACCACTGCT + 20 94 113 55 59,96
Senso
TC
iniciador CACAGCGAT
0OG003 ]
Aw_10 1086 anti- TCACTCCGG - 20 403 384 55 59,83
senso TA
tamanho
do 310
produto

EXEMPLO 2 - VALIDACAO EXPERIMENTAL E OTIMIZACAO DAS
REACOES PARA DETECCAO DE ASPERGILLUS WELWITSCHIAE

[27] De modo a validar os 10 pares de iniciadores candidatos
selecionados (denominados de AW 1 a 10 na Tabela 2), foram utilizados
0s seguintes controles: DNA extraido de isolado de duas cepas
patogénicas de Aspergillus welwitschiae, a amostra identificada como
CCMB 674, advinda de um haplétipo brasileiro e a amostra CCMB 663
advinda de uma cepa modelo de haplétipo geral. Para os testes de
especificidade, como controle negativo, utilizou-se amostra de DNA
extraido da cepa de Aspergillus niger CCT 4026, oriunda da colecéo de
microrganismos da UFMG. Iniciadores previamente descritos na literatura
como capazes de segregar A. welwitschiae e A. niger também foram

utilizados como controles externos. Foram escolhidos um par de
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iniciadores descrito por Palumbo & O’Keeffe, (2015) (Aw F e Aw R) e o

outro por Gherbawy et al., (2015) (awaspec e cmd6), conforme Tabela 3.

Tabela 3 - Conjuntos de iniciadores usados como controles externos
neste exemplo. Adaptado de Palumbo & O’Keeffe, 2015 (Aw F e Aw R) e

Gherbaway et al., 2015 (awaspec e cmd6).

Aw F GGGATTTCGACAGCATTTCctCAGAALt

Aw R GATAAAACCATTGTTGTCGCGGTCa
awaspec ATTTCGACAGCATTTCTCAGAATTA

cmd6 CCGATAGAGGTCATAACGTGG

[28] As reagcOes em cadeia da polimerase (PCR) foram realizadas com
o kit ECRA HIFI DNA Polimerase (ECRA Biotec; EB1-17) seguindo o
procedimento estabelecido pelo fabricante. Como temperatura de
anelamento foi utilizada 58 °C para os iniciadores Aw_1-10, 56 °C para
awaspec/cmd6 (Gherbaway et al.,, 2015) e 62 °C para AwF/AwWR
(Palumbo & O’Keeffe, 2015). Todos os produtos de PCR foram
visualizados através de eletroforese em gel de agarose 1,5% com
brometo de etidio.

[29] Testes iniciais com iniciadores descritos na literatura (Palumbo &
O’Keeffe, 2015 e Gherbaway et al., 2015) atestaram a incapacidade
destes em diferenciarem A. welwitschiae de A. niger. As bandas geradas
podem ser observadas na Figura 1.

[30] Em seguida foram avaliados os iniciadores Aw_1-10 (Figuras 2 e
3). Apenas o par de iniciadores Aw_8 (SEQs IDs N° 1 e 2) apresentou
polimorfismo capaz de diferenciar e detectar a presenca de A. niger e de
A. welwitschiae.

[31] Para aumentar a especificidade da reacao, as condi¢cdes de reagao
para o par de iniciadores Aw_8 (SEQs IDs N°1 e 2) foram testadas com

variagcbes de temperatura e adicdo de DMSO. Para tal, duas reacoes
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foram montadas: A e B, colocadas em trés temperaturas de anelamento,

descritas na tabela 4, a seguir:

Tabela 4 - Condi¢bes de reacao testadas neste exemplo.

Reacédo A Reacéo B CIClO_S do
termociclador
H20 - 12,4 pL H20 - 11,8 pL 98°C - 30seg
Tampédo — 5 pL Tampéo — 5 L 98°C - 10seg
Iniciador senso — 0,5 pL Iniciador senso — 0,5 yL ~ *** - 30seg
Iniciador anti-senso — 0,5 uL Iniciador anti-senso — 72°C - 30seg
dNTP - 0,4 uL 0,5 yuL 72°C - 10min
Enzima - 0,2 yL dNTP - 0,4 pL *Tm 1: 57,7 °C
DNA - 1uL Enzima — 0,2 yL *Tm 2: 60 °C
DMSO - 0,6 pL **Tm 3: 64 °C
DNA — 1 pL

[32] Como observado na Figura 4, a reacédo B com a adicdo de DMSO
e com temperatura de anelamento de 60°C se apresentou como a melhor
condicdo de reacdo para a deteccao do A. welwitschiae, com o aumento
da especificidade do iniciador, e desaparecimento das bandas
inespecificas na amostra ATCC.

[33] Uma vez ajustadas as condicbes oOtimas de reacdo, foram
realizados testes de sensibilidade com o par de iniciadores Aw_8 (SEQs
IDs N°1 e 2), onde avaliou-se a capacidade do iniciador em gerar
produtos de PCR com concentracdes minimas de DNA (Oliveira &
Urashima, 2018). Para isso, foram utilizadas amostras diluidas de DNA
em 2, 5 10, 50, 100 e 1000 vezes. A partir da quantificacdo em
Nanodrop, a amostra CCMB 674 partiu de uma concentracdo de 35

ng/uL, enquanto a amostra CCMB 663 teria 30 ng/uL. Foi possivel
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detecgdo do DNA do patdégeno com até 0,75 ng/uL (diluicdo de 50x), de
acordo com as bandas presentes na Figura 5.

[34] Em resumo, a partir das técnicas de biologia molecular aplicadas,
comprovou-se a ineficiéncia do material disponivel na literatura para a
deteccdo de A. welwitschiae, espécie criptica de A. niger. Foi possivel
desenvolver e validar um marcador molecular, composto do conjunto de
iniciadores (Aw_8, correspondendo as SEQs IDs N° 1 e 2)) e sua
respectiva reacdo, capaz de detectar de modo qualitativo cepas

patogénicas de A. welwitschiae em até 0,75 ng/uL DNA por amostra.
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REIVINDICACOES

1. INICIADORES, caracterizados por serem definidos pelas SEQ ID
N°®1e 2.
2. KIT PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SISALANA E SEUS HIBRIDOS
compreendendo os iniciadores definidos na reivindicacédo 1,
caracterizado por compreender o par de iniciadores definidos pelas
SEQIDN>®1e?2.
3. KIT PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SISALANA E SEUS HIBRIDOS, de acordo
com a reivindicacao 2, caracterizado por compreender até 60% v/v de
H,O complementar, 10 a 30% v/v de tampéo de reacdo, 0,3 a 10 uM de
cada iniciador, 100 a 500 pM de desoxirribonucluotideos fosfatados
(dNTP), 0,02 a 0,1 U/pl de enzima DNA polimerase, 0 a 10% v/v de
dimetilsulfoxido (DMSO) e de 0,75 a 500 ng de DNA total extraido de
plantas do género Agave ou do fungo a ser identificado.
4. METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SASILANA E SEUS HIBRIDOS, caracterizado
por compreender as seguintes etapas:

a) Coleta e preparo da amostra bioldgica;

b) Extracao e dosagem do DNA da amostra preparada em “a”;

c) Realizacdo da PCR utilizando os iniciadores definidos pelas

SEQIDN®**1e2;

d) Obtencéao do resultado em gel de eletroforese.
5. METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
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VERMELHA DE AGAVE SASILANA E SEUS HIBRIDOS, de acordo
com a reivindicacao 4, caracterizado por, na etapa “a”, a amostra ser
de caule ou folhas ou o fungo a ser identificado e o preparo da amostra
ser realizado através das etapas de seccionamento e particdo da
amostra biologica em frascos estéreis livres de acidos nucleicos e
posterior refrigeragéo.

6. METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SASILANA E SEUS HIBRIDOS, de acordo
com areivindicacao 4, caracterizado por, na etapa “b”, a dosagem do
DNA ser realizada por fluorometria, espectrofotometria ou outro meétodo
de quantificacao.

7. METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SASILANA E SEUS HIBRIDOS, de acordo
com areivindicagéao 4, caracterizado por, na etapa “c”, a amplificacao
das amostras positivas ocorrer sob os parametros de corrida em
termociclador de desnaturacéo inicial a 98°C por 30 s, seguido de 25 a
35 ciclos de desnaturacao a 98°C por 5 a 10 s com anelamento de 60 a
64°C por 10 a 30 s e extensao de 72°C por 30 s/kb, e extenséao final de 5
a 10 min, sendo que, com excecado da temperatura de anelamento, as
temperaturas e tempos podem variar de acordo com as especificacdes
do fabricante da enzima DNA polimerase.

8. METODO PARA IDENTIFICACAO DE ASPERGILLUS
WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA PODRIDAO
VERMELHA DE AGAVE SASILANA E SEUS HIBRIDOS, de acordo
com a reivindicagéo 4, caracterizado por, na etapa “d”, o resultado
positivo para podridao vermelha na amostra ser detectado mediante a

presenca de uma banda de aproximadamente 409 pb correspondente a
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espécie em questdo no gel, e caso a amostra seja negativa ndo havera
amplificacdo de nenhuma banda.

9. USO dos iniciadores definidos na reivindicacdo 1,
caracterizado por ser no diagnostico da podriddo vermelha de Agave
sisalana e seus hibridos ou na identificacdo de Aspergillus welwitschiae.
10. USO do kit definido na reivindicacédo 2, caracterizado por ser
no diagnostico da podriddo vermelha de Agave sisalana e seus hibridos

ou na identificacéo de Aspergillus welwitschiae.
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DESENHOS

Figura 1

Figura 2

Figura 3
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Figura 4

Figura b
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RESUMO

“INICIADORES, KIT E METODO PARA IDENTIFICACAO DE
ASPERGILLUS WELWITSCHIAE E DIAGNOSTICO MOLECULAR DA
PODRIDAO VERMELHA DE AGAVE SISALANA E SEUS HIBRIDOS, E

USOS”

A presente tecnologia trata de dois iniciadores, definidos pelas SEQ ID
N° 1 e 2, um kit contendo os iniciadores e um método para deteccéo
molecular de Aspergillus welwitschiae, agente etioloégico da podridao
vermelha da espécie vegetal Agave sisalana e seus hibridos, conhecidos
como sisal, baseado na técnica de reacdo em cadeia da polimerase
(PCR). A tecnologia se refere ainda ao uso dos iniciadores e do kit para o

diagndstico da podridao vermelha do sisal.
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Este anexo apresenta o codigo de controle da listagem de sequéncias
bioldgicas.

Cédigo de Controle

Campo 1

FA9 69 C4 186 1CO0CS5A1

Campo 2

8 A9 3 F 5D 67077 6BAS

Outras Informacées:

- Nome do Arquivo: Listagem de sequéncias.xml
- Data de Geracédo do Cdédigo: 09/09/2022
- Hora de Geracéo do Cdédigo: 17:56:20
- Cédigo de Controle:
- Campo 1: FA969C41861C0C51
- Campo 2: 8A93F5D670776BA5
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Chapter V — Calm Before the Storm: A Glimpse into the Secondary Metabolism of
Aspergillus welwitschiae, the Etiologic Agent of the Sisal Bole Rot.

RESUMO: Aspergillus welwitschiae é uma espécie da se¢do Nigri do género Aspergillus. Na
natureza, é geralmente um saprotrofo, decompondo material vegetal. No entanto, causa a
doenca de podridao do caule em Agave sisalana (sisal), uma espécie de planta usada para a
extracao de fibras naturais resistentes, causando grandes perdas econémicas para essa cultura.
Neste estudo, isolamos e sequenciamos um genoma de A. welwitschiae (isolado CCMB 674 -
Colecdo de Culturas de Microrganismos da Bahia) a partir de tecidos do caule do sisal e
realizamos estratégias experimentais in silico e em laborat6rio para descrever sua capacidade
de produzir micotoxinas. O isolado CCMB 674 possui 64 grupos de genes de metabolismo
secundario (SMGCs) e, em condic¢des normais, produz compostos de metabolismo secundario
que podem perturbar o ciclo celular do sisal ou induzir anormalidades no crescimento da planta,
como a malformina C. Esse isolado também produz um pigmento que pode explicar a cor
vermelha caracteristica dos tecidos afetados. Além disso, esse isolado é defeituoso na producéo
de fumonisina B1 e, apesar de possuir 0 agrupamento completo para a sintese do composto, ndo
produziu ocratoxina A. Em conjunto, esses resultados fornecem novas informacdes sobre
possiveis estratégias usadas pelos fungos durante a podriddo do caule do sisal, ajudando a
compreender melhor essa doenga e como controla-la.

Palavras-chave: fitotoxico; micotoxina; podridao vermelha do sisal.
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Abstract: Aspergillus welwitschiae is a species of the Nigri section of the genus Aspergillus. In nature,
it is usually a saprotroph, decomposing plant material. However, it causes the bole rot disease of
Aguave sisalana (sisal), a plant species used for the extraction of hard natural fibers, causing great
economic loss to this culture. In this study, we isolated and sequenced one genome of A. welwitschiae
(isolate CCMB 674 (Collection of Cultures of Microorganisms of Bahia)) from the stem tissues of
sisal and performed in silico and wet lab experimental strategies to describe its ability to produce
mycotoxins. CCMB 674 possesses 64 secondary metabolite gene clusters (SMGCs) and, under normal
conditions, it produces secondary metabolism compounds that could disturb the cellular cycle of sisal
or induce abnormalities in plant growth, such as malformin C. This isolate also produces a pigment
that might explain the characteristic red color of the affected tissues. Additionally, this isolate is
defective for the production of fumonisin B1, and, despite bearing the full cluster for the synthesis of
this compound, it did not produce ochratoxin A. Altogether, these results provide new information
on possible strategies used by the fungi during the sisal bole rot, helping to better understand this
disease and how to control it.

Keywords: phytotoxic; mycotoxin; red rot of sisal
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Key Contribution: Sixty-four secondary metabolites gene clusters (SMGCs) were predicted for
isolate CCMB 674; and 65 for isolate CBS 139.54. Both isolates are genetically defective for fumonisin
production and contain the full cluster for ochratoxin production. The malformin C cluster was
described for both isolates, and this compound was detected in the HPLC-MS analysis, with other
10 compounds. Catenarin is hypothesized to be responsible for the red color of the bole rot.

1. Introduction

Aspergillus welwitschiae is a filamentous fungus, belonging to the Nigri section of the genus
Aspergillus [1], and itis also the closest phylogenetic taxon of Aspergillus niger [2], a species used in diverse
activities in the biotechnology industry. A. welwitschiae was first isolated from Welwitschia mirabilis in
the Namib Desert, where it infects the plant’s reproductive structures. In Brazil, A. welwitschiae is a
serious threat to the sisal (Agave sisalana) cultivation in the Brazilian semi-arid region, causing bole rot
(or red rot) disease [3], with an incidence of 35% [4]. According to Duarte et al. [3], in this pathosystem,
A. welwitschiae invades the plant through wounds between the leaf basis and the stem. Leaf excision is
a natural part of sisal cultivation, as this is the source of the natural fibers for which the plant is valued.
As the disease progresses, the stem is degraded with a clear red margin, dividing dead tissue from
the soon-to-be infected tissue. In the literature, phytopathogenic fungi are usually categorized into
biotrophs, which depends on living tissue for feeding [5]; hemibiotrophs, which require living tissue,
but kill the host plant at some stage [6]; and necrotrophs, which feed on dead plant tissue [7]. In both
hosts, A. sisalana and W. mirabilis, A. welwitschiae initially feeds on dead tissue, but faces living tissues
(and the host defenses) at some point during colonization. Fungal species commonly rely on secondary
metabolites in order to facilitate invasion and colonization of plant tissues. Those compounds are
produced as part of the fungal metabolism, but are generally not essential for their survival [8],
which makes characterizing its functions very difficult [9]. Nonetheless, secondary metabolites
represent an important evolutionary advantage for fungi because they might act either in silencing
plant defense system [10] or over-activating it, such as, for instance, causing programmed cell death
and making nutrients available for the fungus [11]. Therefore, assessing the fungal potential to produce
secondary metabolites could provide important information in the understanding of plant—pathogen
interactions and help the development of new strategies to avoid or manage the bole rot of sisal.

Our approach to studying the secondary metabolism of A. welwitschiae included (i) characterizing
in silico secondary metabolite gene clusters (SMGCs) in the genomes of Aspergillus welwitschiae
isolates CCMB 674 (isolated from the stem tissues of Agave sisalana) and CBS 139.54 (isolated from
W. mirabilis), and (ii) identifying the secondary metabolites (specifically phenolic compounds) produced
under normal conditions on isolate CCMB 674 through an HPLC-MS (High-Performance Liquid
Chromatography coupled to a Mass Spectometer) analysis.

2. Results

2.1. Secondary Metabolites Gene Clusters (SMGCs) Analysis

We sequenced and assembled the genome of Aspergillus welwitschiae isolate CCMB 674. The genome
is 38.5 Mbp long, in which 64 secondary metabolite-associated genomic regions were found with
antiSMASH v 5.0 [12] while 65 regions were identified for isolate CBS 139.54, which is 37.5 Mbp
long. In order to describe the conservation and synteny of those regions between the two genomes,
we verified their similarity with BLASTn v 2.5.0 [13], showing the results in a Frutchterman—Reingold
layout network. As seen in Figure 1, our results show that even though CBS 139.54 possesses only
one SMGC-predicted region more than CCMB 674, the latter contains two exclusive SMGCs (that is,
did not show similarity with any other region of the other genome) in its genome (NODE_13_001 and
NODE_15_001), while CBS 139.54 contains six exclusive SMGCs (scaffold_10_002, scaffold_49_001,
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scaffold_80_001, scaffold_14_001, scaffold_27_001, and scaffold_41_001). Most of the other regions
have only one large correspondent similar SMGC in the other genome, with some regions sharing
short similarities with other regions.
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Figure 1. Fruchterman—Reingold layout network showing the similarity between CCMB 674 secondary
metabolites predicted clusters (in green) and CBS 139.54 clusters (in pink) as nodes, and alignment
scores as edges. Heat colors represent higher scores, while short alignments, presenting lower scores,
are seen in blue. Regions with more hits are larger in node size. Exclusive regions (no hits) are labeled.

The antiSMASH web tool also categorizes predicted genes in SMGCs. Our results also show
that biosynthetic protein composition is similar in the two genomes (Figure 2A), presenting type
1 polyketide synthases (T1PKS); non-ribosomal polyketide synthases (NRPS); NRPS-like proteins;
terpenes; and, less frequently, indole and (3-lactone associated proteins. Nonetheless, the similarity
of those predicted proteins to previously known biosynthetic genes is divergent in the two isolates
(Figure 2B) with some compounds predicted only in CCMB 674 or CBS 139.54, and vice-versa.
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Figure 2. AntiSMASH results for Aspergillus welwitschine CCMB 674 and A. welwitschiae CBS 139.54.
(A) Stacked bar plot of biosynthetic protein distribution. Color scheme and quantities are detailed in
the figure. (B) Presence—absence scheme of predicted compounds, and the number of clusters with no
predicted products (unknown). T1PKS, presenting type 1 polyketide synthases; NRPS, non-ribosomal
polyketide synthases.

2.2. Fungal Extract HPLC-MS Analysis and Compound Similarity

Associated with the sequencing, assembly, and functional annotation of SMGCs in the genome of
isolate CCMB 674, we also investigated the production of secondary metabolites (especially phenolic
compounds) produced by this fungus that might play a role in plant infection and colonization using a
strategy similar to that described in Abu (2017) and Reis (2018) [14,15]. Briefly, we filtrated mycelia
off the liquid culture, followed by a primary extraction in methanol. This extract was subjected to
a solvent-solvent extraction using ethyl acetate. The methanol phase was discarded, and the ethyl
acetate phase was concentrated using a rotary evaporator, with a final mass of 0.87 g. In the subsequent
open chromatography column, 24 fractions were obtained (Table S1) and analyzed in HPLC coupled
to a photodiode array, out of which 7 fractions were chosen as representative and combined into
4 fractions (FrA composed of fractions 2 and 4; FrB composed of fractions 6, 7, and 8; FrC composed of
fraction 10; and FrD composed of fraction 13), which were later analyzed in HPLC coupled to a mass
spectrometer. In this analysis, 11 peaks could be identified into compounds, as seen in Table 1, with ten
of them being part of the secondary metabolism, and the other one being riboflavin, a common vitamin
found in fungi related to aerobic respiration.
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Table 1. Compounds per fraction identified in Aspergillus welwitschiae isolate CCMB 674 and their
chemical properties. Columns represent retention time (RT), pseudo-molecular ion mass-to-charge
ratio ([M + H]"), sodium adducts mass-to-charge ratio ([M+Na]*), liquid chromatography in positive
mode mass-to-charge ratio (LC-MS m/z), and the identified molecule. * Identifies isomer compounds.

. LC-MS m/z
+ + .
Peak # Rt (min) [M + H] [M+Nal (Positive Mode) Metabolite
1 28.5 287 309 [287]: 287,595 Catenarin
2 29.6 571 - [571]: 556 Aurasperone A
Fraction A 3 333 530 - [530]: 513;417;,277;175 Malformin C
4 34.9 377 - [377]: 377;253;197;171 Riboflavin
5 35.4 391 - [391]: 253;197;159 Compactin
6 26.8 607 - [607]: 589;574;531,505 Aurasperone B
Fraction B 7 28.1 589 - [589]:571;531 Aurasperone E
8 29.9 571 - [571]: 556,531,498 Nigerone
9 21.1 288 - [288]: 246,575 Pyrophen
Fraction C 10 30.9 349 - [349]: 349,291,237 Clerocidin
5 34.5 391 413 [391]: 279,149 Compactin *
9 21 288 310 [288]: 246,597 Pyrophen
Fraction D 7 27.8 589 - [589]: 531,505 Aurasperone E *
cho 3 29.6 571 593 [571]: 556 Aurasperone A
11 30 533 555 [533]: 267,211 Roridin A

In order to prospect for similarities between the compounds predicted with antiSMASH and
compounds detected in the HPLC-MS analysis, we used a cheminformatics approach based on
the molecular fingerprints of those compounds (that is, binary data that encode the molecule’s
structure), available in public databases PubChem (https://pubchem.ncbi.nlm.nih.gov/) and ChEBI
(https://www.ebi.ac.uk/chebi/). Data were analyzed with ChemmineR and ChemmineOB packages
for R [16]. Figure 3 shows that there is no especially similar structure between predicted and
detected compounds, except for the aurasperones (A, B, and E) and nigerone, both detected in the
HPLC-MS analysis.

2.3. Fumonisin, Ochratoxin, and Malformin C Clusters’ Characterization

In an effort to better describe the secondary metabolites” gene clusters for specific mycotoxins,
known to be produced in the Aspergillus welwitschiag/niger clade, we obtained curated proteins and
cluster sequences for the fumonisin, ochratoxin, and malformin C gene clusters, from selected references
(Table S2), and compared those sequences with the genomes of isolates CCMB 674 and CBS 139.54.
The sequence similarity results showed a similar profile of the presence of these secondary metabolites
in both isolates, whose high synteny was confirmed by our network approach (Figure 1). Therefore,
we generated a graphical visualization of those clusters that is representative of both genomes (Figure 4).
Our results show that isolates CCMB 674 and CBS 139.54 are defective for the production of fumonisin
(Figure 4A, NODE_4_001 and scaffold_5_001 in Figure 1), in a deletion pattern similar to previously
described by Susca et al. in 2016 [17]. The ochratoxin cluster is complete, except for the protein OTA4,
which has not been analyzed (Figure 4B, NODE_133_001 and scaffold_25_002 in Figure 1). However,
this cluster, which has also been studied by Susca et al. [17], does not exhibit deletion patterns in which
all proteins are present, but not ota4. We observed a similar profile for malformin C; the only protein
known to be essential to the cluster is mIfA, as described by Theobald et al. [18]. In order to point out
which of the antiSMASH predicted clusters corresponds to malformin C (Figure 4C), we used MLFA
protein sequences from different species of Aspergillus (Table 52). Our results show that, in CCMB
674, the MLFA protein is in the contig NODE_37_001, while on CBS 139.54, the protein is in contig
scaffold_8_002. This result is confirmed by our network, in which NODE_37_001 and scaffold_8_002
share a long region of similarity (Figure 1). Nevertheless, antiSMASH prediction did not correctly
identify the compound in the case of region NODE_4_001, part of the fum cluster, predicted instead to
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produce fusarin, as well as in the cases of NODE_133_001 and scaffold_25_002, which correspond to
the ota cluster, but were annotated as melleolide by antiSMASH.
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Figure 3. Structure comparison based on molecular fingerprints for predicted and detected compounds
for isolate CCMB 674 with the ChemmineR package. In the color matrix, blue indicates low similarity,
yellow indicates medium to high similarity, and white indicates the structure’s similarity to itself.
The attached dendrogram indicates the hierarchical clustering based on molecular fingerprints.
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Figure 4. Representative genomic organization for CCMB 674 and CBS 139.54. (A) Fumonisin cluster.

Flanking genes b and c in grey; viable genes fum1, fum19, and fum15 in green; and truncated gene fumo6
in yellow. (B) Ochratoxin cluster including ofal, ota2, ota3, and ota5. (C) Malformin C gene cluster
predicted by antiSMASH. Core biosynthetic genes, including mlfA in red, other biosynthetic genes in
pink, transport-related genes in blue, and other genes (uncategorized) in grey.

3. Discussion

Aspergillus welwitschiae’s strategies for infection in Agave sisalana resemble in many forms that of
necrotrophic phytopathogenic fungi. It attacks damaged plants [19], possesses a broad host range [20],
and contains a large arsenal of carbohydrate degrading enzymes [21]. However, necrotrophs also rely
on the heavy production of toxins in order to induce cell death and make nutrients available for the
fungus [22]. In this work, we used in silico and wet bench methods to describe compounds and genes
associated with the secondary metabolism in A. welwitschiae, which could play a role in its colonization
of Agave sisalana stem tissues [3]. As a first peek of this species potential, our general characterization
of SMGCs is consistent with that described by Vesth et al. [21], who have analyzed different aspects of
all species in the Nigri section of the genus Aspergillus, to which A. welwitschiae belongs. Nonetheless,
Vesth et al. [21] could not find any compound associated with the clusters of A. welwitschine CBS
139.54, which we used in our analysis for comparison purposes. That is very likely because the
methods for SMGC prediction used by Vesth et al. [21] are slightly different, using the web application
SMUREF and complementation with antiSMASH, our single predictor. Nevertheless, even though we
identified different compounds with this resource, compound prediction with antiSMASH relies on
alignment-based similarity with known SMGCs. This might be the reason that none of the predicted
compounds were detected in the HPLC-MS analysis. The “unknown” category of Figure 2B includes
more than 40 clusters (>60%) in both isolates. As malformin C and roridine A are the only compounds
seen in the HPLC-MS analysis that contain any genomic information, it is likely that compounds
described in the HPLC-MS analysis fit as clusters with “unknown” compounds, which is corroborated
by the color matrix in Figure 3, which shows no high similarity between any of the predicted and
detected compounds, discarding the possibility of a detected compound being misidentified during
prediction. In summary, the compounds described with antiSMASH and the ones detected with the
HPLC-MS analysis are not directly related. Furthermore, the antiSMASH database could certainly be
improved to include other compounds, such as malformin. Another reason is the context of the fungus.
Owing to the cultivation conditions, in a nutrient-rich environment with no stresses found on the host
plant, the fungus is unlikely to show its full potential for producing secondary metabolites. Our work
is a first step towards a better understanding of the functioning of fungal metabolism, which is why we
favor a nutrient-rich culture medium, as we believe this would yield secondary compounds produced
under normal conditions. Similar strategies are described for the description of mycotoxins. Yassin et al.
(2011 and 2012) and Soares et al. (2013) [23-25] describe the production of mycotoxins in fungal
species associated with maize (including species of the genus Aspergillus) in a nutrient-rich medium,
except for the quantification of aflatoxin, a very well-known compound, which requires a specific
culture medium. This would not be adequate for our study because A. welwitschiae is not an aflatoxin
producer. Discovery of new mycotoxins in the genus Aspergillus are also described with the use of
nutrient-rich medium, as seen in Xu et al. [26]. While our bioinformatics assays fulfilled our first
aim, our objective (ii) is solely related to the identification of secondary metabolites produced under
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normal conditions, which were not directly related to the predicted compounds, according to Figure 3.
The traditional HPLC-MS approach is suited for the detection of compounds mainly produced in large
amounts and, in our study, non-stressful conditions. This is also one of the reasons that we decided to
prospect for mycotoxins known to be produced in this species, such as malformin C, fumonisin B2,
and ochratoxin A.

Malformin C has been previously detected in isolates of Aspergillus niger [27,28] and
A. tubingensis [29,30], but not in A. welwitschiae. Genomics-wise, a single protein has been described as
essential for the synthesis of this compound [18], which we used as a reference in our analysis. Thus,
we were able to unite manually curated results with the predicted output of antiSMASH. The malformin
C SMGC did not have any predicted compound in either one of the isolates (described as “unknown” in
Figure 1), and our network corroborates with the results of the alignment with mlfA proteins, showing a
strong similarity between the malformin C cluster in CCMB 674 (NODE_37_001) and CBS 139.54
(scaffold_8_002). Malformin C is known to have phytotoxic effects. Curtis was the first to isolate this
class of metabolite [31] and also did an extensive study on its phytotoxic effects, showing malformations
in plants (where the name originated), such as changes in curvatures in bean plants and corn roots [32],
responses to abscission [33], and growth of onions [34].

The other two SMGCs we manually searched for in the genomes of isolate CCMB 674 and CBS
139.54 were fumonisin B1 (fum) and ochratoxin A (ota). Although neither one of these compounds
were found in the HPLC-MS analysis, we are now able to add a further explanation on this result.
The fum cluster is defective in both isolates, displaying a genomic organization very similar to that
described by Susca et al. in 2014 [35] and 2016 [17]. Those works describe that there is a single cluster
pattern for fumonisin producers in Aspergillus niger and A. welwitschiae (Type 1), while there are two
patterns of deletion in non-producers (Type 2 and Type 3). Our isolate’s pattern is very similar to
Type 2 of the fum cluster, in which fum1, fum19, fum15, fum21, and fumé proteins are present, in their
complete or truncated form. However, in our results, fum?21 is not present in the fum cluster at all, with
short similar regions located upstream of protein b, a flanking gene of the fum cluster. As for ota, the
cluster seems to be complete, as described in the results (Figure 4B), suggesting that the regulation of
this compound depends on factors other than gene viability, which corroborates the results from the
literature, describing A. welwitschiae as a rare ochratoxin producer, if compared with A. niger [36-38].

Other compounds detected through our HPLC-MS analysis have little to no genomic information.
In two cases, clusters are described in full, but for species very phylogenetically distant from the
genus Aspergillus. For compactin, the full cluster has been described in Penicillium citrinum [39].
This compound belongs to the class of statins and was first isolated from cultures of Penicillium
brevicompactum, determined by a combination of spectroscopic, chemical, and X-ray crystallography
methods by Brown et al. in 1976 [40]. Abe [39] also mentions the inhibition effect of compactin over
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase. In plants, this protein is crucial
for the synthesis of isoprenoids and steroids [41,42], without which cell metabolism is inviable.
Thus, compactin is likely one of the mycotoxins used during plant infection by A. welwitschiae to
kill host cells. Likewise, clerocidin, which has no genomic information in the literature, also affects
the cell cycle to cause cell death. It has been described as attacking DNA gyrase in bacteria [43]
and mammalian topoisomerase II [44]. Both proteins, however, are also present in plants, and their
disturbance would cause DNA cleavage. Roridine A is considered the best-known toxin among
the large and diversified group of macrocyclic trichothecenes, with known phytotoxic activity in
different species [45]. Its structure was elucidated in 1965 in cellulose-degrading species Myrothecium
roridum and M. verrucaria [46], and a full gene cluster for trichothecenes was described for Fusarium
sporotrichoides and Gibberella zeae [47].

As for mycotoxins with no genetic information, catenarin is a very interesting compound in
the context of the bole rot of sisal. This compound is a type of anthraquinone, with an orange to
red color [48]. It has been described as a secondary metabolite produced by Aspergillus glaucus [49],
which belongs to the same genus as our fungal model of study, as well as Pyrenophora tritici-repentis
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and Pyrenophora catenaria [50]. This compound is mainly studied for its role in the tan spot of wheat, a
foliar disease that affects this culture, even though antimicrobial activity has also been described [48].
In this pathosystem, the accumulation of catenarin in kernels and leaves of wheat, followed by PCD
(programmed cell death) induced by necrotrophic fungus P. tritici-repentis, produces a red discoloration
of the wheat infected tissues. Bouras and Strelkov have found catenarin production to be more
abundant in a higher concentration of sugars and complex mediums. The stems of sisal are known to
be rich in polysaccharides, a characteristic that gives economic value to related species Agave tequilana.
Our research group also verified that the bole rot of sisal is restricted to this part of the plant, not
spreading to leaves or other plant organs [3]. Wakulinski shows that, in melanin-deficient mutants of
P. tritici-repentis, the absence of melanin is compensated with the accumulation of catenarin, giving
the fungi a characteristic orange to red color, which is also seen in the bole rot. We hypothesize
that a similar process occurs in A. welwitschiae, in which melanin production would be decreased
during the infection of the plant (the fungus is dark-grey under normal conditions), and the following
accumulation of catenarin would then create the dark red shade seen in the field. Other pigments were
detected besides catenarin, such as Aurasperone A, B, and E, which are yellow pigments. These are
common secondary metabolites of the genus Aspergillus [51]. These compounds belong to the group of
naphto-y-pyrones [52]. Even though their presence is common in the genus, the biological function
associated with this compound remains largely undescribed. Similarly to nigerone, which also belongs
to the group of naphto-y-pyrones, as well as pyrophen, which belongs to another pyrone group [53],
those secondary metabolites have been described in phytopathogenic fungi, but their role in disease
progression is yet unknown [52].

The verification of the mentioned compounds in planta requires further study, in which the
extraction and HPLC-MS methods are adapted for analysis of the plant tissue on infected and healthy
plants. However, the results of the present work help to determine differences between fungal exposure
to different environments, as well as to define toxins produced under normal conditions that could
be necessary during plant—pathogen interaction. In addition, the findings of our work can help to
uncover the whole repertoire of toxins produced by the fungus, as well as those that are essential to
the pathogenesis.

4. Materials and Methods

4.1. Biological Samples and Computational Resources

Aspergillus welwitschiae isolate CCMB 674 (CCMB — Collection of Cultures of Microorganisms of
Bahia) (Sequence Read Archive accession code SRR6793083) was isolated from Agave sisalana stem
tissues presenting typical symptoms of bole rot in Conceicao do Coité, State of Bahia, Brazil. This culture
was kindly ceded by the Laboratory of Microbiology of the Universidade Federal do Reconcavo da
Bahia. Aspergillus welwitschiae isolate CBS 139.54 was obtained from the Joint Genome Institution
(Project ID 1060061). Bioinformatics analyses were carried out on the LGCM/Aquacen server and the
Sarapalha server, both at the Universidade Federal de Minas Gerais, or at the application server, in the
case of web tools.

4.2. Genome Sequencing and Assembly

The mycelium of isolate CCMB 674 was grown on potato dextrose agar medium (PDA;
Sigma-Aldrich, St. Louis, MS, USA) and incubated at 25 °C for five days, after which it was
scrapped for genomic DNA extraction, performed with FastDNA™ for Soil kit (MP Biomedicals,
Santa Ana CA, USA). Genomic DNA quality and quantity were assessed by agarose gel electrophoresis
and fluorometric analysis, respectively. A 450 bp library was prepared with NEBNext Fast DNA
Fragmentation and Library Preparation Kit (New England Biolabs, Ipswich, NE, USA) following the
instructions of the manufacturer. Library quality was evaluated with a 2100 Bioanalyzer (Agilent,
Santa Clara, CA, USA), and whole-genome sequencing was performed on a HiSeq 2500 platform with
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paired-end strategy and estimated fragment size of 450 bp (Illumina, San Diego, CA, USA). Raw reads
were trimmed (Phred score >20) with BBDuk, and normalized with BBNorm, with both forms of
software being components of the BBTools v.36.86 software kit [54]. Normalized reads were assembled
with SPAdes v. 3.11.1, and assembly metrics were assessed using the Perl script scaffold_stats.pl (Table S3)
and BUSCO v. 3.1. Contigs <1000 bp were removed, without an impact on ORF (open reading frame,
coding) content (according to BUSCO results). Non-annotated scaffolds of A. welwitschine CBS 139.54
were obtained from the Joint Genome Institute portal (JGI; https://jgi.doe.gov/).

4.3. Secondary Metabolites Gene Cluster Prediction and Network Construction

To describe all putative secondary metabolites gene clusters (SMGCs), we submitted both isolates
CCMB 664 and CBS 139.54 to antiSMASH (https://fungismash.secondarymetabolites.org/). On the
other hand, to describe specific mycotoxin clusters, we obtained curated sequences from GenBank and
JGI and searched for similar sequences in our genomes with BLAST. Accession codes and references
can be found in Table S2. SMGCs were obtained from antiSMASH and compared with BLASTn,
with 1 x 107 E-value as a cutoff parameter. The resulting matrix was processed on Excel 2016 and
with python script soma_rede.py plotted with Gephi v. 0.9.2, using the Frutcherman-Reingold layout
and default parameters.

4.4. HPLC Analysis

Aspergillus welwitschine CCMB 674 was cultured in potato-dextrose agar medium (PDA) containing
chloramphenicol 50 mg/L and incubated at 25 °C for seven days. Five plugs (discs containing mycelium
and agar) of approximately 0.5 cm in diameter were made out of the culture plates and transferred to2 L
Erlenmeyer flasks containing 1 L potato-dextrose medium and placed in an orbital shaker at 240 RPM
and 25 °C for 28 days under a light shield, with experiments carried out in duplicate. Subsequently,
the culture was vacuum filtered in a Biichner funnel, separating mycelia from the liquid. To extract
phenolic compounds, the mycelia were macerated and 100 mL of methanol was added. Ethyl acetate
was added to the methanol extract, creating a solvent-solvent partitioning process. The methanol phase
was discarded, and the ethyl acetate phase was concentrated with a rotary evaporator. This extract was
processed on HPLC coupled to a photodiode array producing 24 fractions, out of which 7 fractions
were chosen as representative and combined into 4 fractions (FrA, FrB, FrC, and FrD; spectra can be
found in Figure S1) that were later analyzed in HPLC coupled to a mass spectrometer.

4.5. Compound Chemical Structure Comparison

Chemical structures (SDF, structure-data file format) for predicted compounds (Figure 2B) and
detected compounds (Table 1) of isolate CCMB 674 were obtained from PubChem (https://pubchem.
ncbinlm.nih.gov/) and chEBI (https://www.ebi.ac.uk/chebi/). The structures for “naphtopyrone”,
which is a large group of compounds; Fusarielin H; and Oxaleimide C were not available. The data
were analyzed on the R programming language, with packages ChemmineR and ChemmineOB [16].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/11/631/s1,
Figure S1: Chromatograms for Fractions A-D, Table S1: Fractions were obtained (Table S1) and analyzed in HPLC
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Supplementary Material: Calm Before the Storm: A
Glimpse into the Secondary Metabolism of
Aspergillus welwitschiae, the Etiologic Agent of the
Sisal Bole Rot

Gabriel Quintanilha-Peixoto, Rosimére Oliveira Torres, Isabella Mary Alves Reis, Thiago Alves
Santos de Oliveira, Dener Eduardo Bortolini, Elizabeth Amélia Alves Duarte, Vasco Ariston de
Carvalho Azevedo, Bertram Brenig, Eric Roberto Guimaraes Rocha Aguiar, Ana Cristina Fermino
Soares, Aristoteles Goes-Neto and Alexsandro Branco

Table S1. Fractions were obtained (Table S1) and analyzed in HPLC coupled to a photodiode array.
Yield value refers to initial 0.87 g.

Fraction Solvent System (%) Mass (g) Yield (%)
Fr-1 Hexane (100) 0,0139 1,61%
Fr-2 Hexane (100) 0,0273 3,15%

Fr-3 Hexane: Ethyl acetate (80:20) 0,0998 11,52%
Fr-4 Hexane: Ethyl acetate (70:30) 0,0374 4,32%
Fr-5 Hexane: Ethyl acetate (60:40) 0,0175 2,02%
Fr-6 Hexane: Ethyl acetate (50:50) 0,0155 1,79%
Fr-7 Hexane: Ethyl acetate (50:50) 0,0234 2,70%
Fr-8 Hexane: Ethyl acetate (50:50) 0,0134 1,55%
Fr9-10 Hexane: Ethyl acetate (40:60) 0,0101 1,17%
Fr-11 Hexane: Ethyl acetate (30:70) 0,0089 1,03%
Fr-12 Hexane: Ethyl acetate (10:90) 0,0133 1,54%
Fr-13 Ethyl acetate (100) 0,0170 1,96%
Fr-14 Ethyl acetate: Methanol (80:20)  0,0204 2,36%
Fr15-16  Ethyl acetate: Methanol (70:30)  0,0197 2,27%
Fr-17  Ethyl acetate: Methanol (50:50)  0,0123 1,42%
Fr18-19 Ethyl acetate: Methanol (30:70)  0,0489 5,65%
Fr-20  Ethyl acetate: Methanol (20:80)  0,0080 0,92%

Fr-21 Methanol (100) 0,0055 0,64%
Fr-22 Methanol: H20 (50:50) 0,0042 0,48%
Fr-23 Methanol: H20 (50:50) 0,0041 0,47%

Fr-24 H20 (100) 0,0076 0,88%




Table S2. References used for BLAST analysis.

Compound Gene Situation Organism Accession Reference Seq
. mlcH, mlcG, §
g ﬁiiﬂi‘; ‘59 Penicillium ABO72893.1 10.1007/s00438-002-0697- |
& 1eD. mlcE — citrinum y
g mlcD, micE, =
o mlcR =
Aspergillus
vadensis CBS ~ AOA319BQC1.1 ;2},1601%?,/ 541598-018- NT
113365
Aspergillus
neoniger CBS  A0A318Z3U0.1 ;2'516013_2/ SH598-018- NT
115656
Aspergillus
niger CBS A2QYX4.1 ;2'51 6013_2/ s41598-018- NT
513.88
Aspergillus
b niger ATCC  G3XUF0.1 ;2'1038/ 541598-018- NT
£ 1015 561-3
: e P2 | Aspergit 10.1038/541598-01
S Tuchuensis AOAIMST4K31 6‘5 612/5 598-018- NT
CBS 106.47
Aspergillus 10.1038/541598-018-
lacticoffeatus A0A319A6V2.1 36561-3 NT
CBS 101883
Aspergillus
kawachii IFO  G7XQ31.1 ;2516013_83/ 541598-018- NT
4308
Aspergillus
homomorphus ~ AOA395I3F8.1 22516013_? s41598-018- NT
CBS 101889
TRI8, TRI7,
TRI3, TRI4,
TRI6, TRI5, Fusarium .
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Table S3. Assembly metrics, generated with scaffold_stats.pl, for Aspergillus welwitschiae isolates
CCMB674 and CBS 139.54.

Filenames CCMB 674 CBS 139.54
Longest Scaffold 2008406 2162797

Num 244 396
Span 38188994 37511876
Min 1046 1010

Mean 156512 94726
N50 456288 757052

NumN50 23 17
GC 0.483 0.497
For Runs of Ns (210 Ns):

Num 9 118

Span 436 33835

N50 96 1190
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Figure S1. Chromatograms for Fractions A-D.

Mass Spectrometer: Amazon Speed ETD - Bruker
Nebulizer: 27 Psi HV: 4500V
Dry gas: 12 L/min ESI+

Temp: 300 2C



HPLC:

Controler: CBM-20A- Shimadzu
Pump: LC-20AD Shimadzu
Detector: SPD-20A - Shimadzu
Oven: CTO-20A - Shimadzu
Autosampler: SIL 20AC — Shimadzu

Solvent A: H20 0,1% Acetic Acid

Solvent B: Methanol

Column: Phenomenex Luna C18 (250x4.6mm
—5um)

Oven Temp: environment

Flux: 1 ml/min

Gradient: 0 min A:B (100:0) 30 min A:B (0:100) 46 min A:B (0:100) 47 min A:B (80:20) 50 min A:B

(80:20)

Soma_rede.py

# -*- Coding: UTF-8 -*-

#coding: utf-8

import sys

if (len(sys.argv) !=2):
print ("Please enter file name
sys.exit ()

nomeArquivo=sys.argv[1]

# nomeArquivo="rede.txt"

arquivoRede=open (nomeArquivo, 'r'")

resultado=[]

for linha in arquivoRede:
index=1linha.rfind(";")
nome=1inha [0:index]
achou=0

for item in resultado:

if (item[0].find(nome) !=-1):

(Ex:

python somaRede.py rede.txt)")

item[l]=item[1l] +float (linha[index+1:] .rstrip())

achou=1
break

if (achou==0):

aux=[nome, float (1inha[index+1:]1)]

resultado.append (aux)

argSaida=open (nomeArquivo [0:nomeArquivo.find(".")]+" rst.txt",'w')

for item in resultado:

argSaida.write (item[0]+";"+str(item[1])+"\n")

print (item[0] +";"+str(item[1]))



argSaida.close()

arquivoRede.close ()
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Chapter VI - CONCLUSIONS AND PERSPECTIVES

Over the three research publications and the patent discussed in the previous chapters,
we have brought to light more information about the bole rot disease of sisal through the
perspective of its main pathogen, Aspergillus welwitschiae, as well as a collection of cryptical
viral species associated with sisal either directly or through its associated microbiota. Over the
next paragraphs, we will bind those publications under the context of disease susceptibility in
sisal and the larger context of opportunistic fungal pathogens in plants. We also bring the
context of field observations that do not always fit the scope of scientific publications but might

shape the next steps in sisal research.

Chapter 11, our 2021 publication on the virome (QUINTANILHA-PEIXOTO et al.,
2021), described 25 viral species associated with three varieties of sisal: Agave sisalana, Agave
Hybrid 11648, and Agave fourcroydes (aka henequén). To the best of our knowledge, this was
the first unbiased virome study in the genus Agave, the first virology study in henequén and
Agave Hybrid 11648, as well as the first virology study in A. sisalana since 1995 (IZAGUIRRE-
MAYORAL et al., 1995), when high-throughput sequencing was not yet available. This article
makes little reference to the bole rot in its discussion, which is a gap we are now more able to
fill, considering the broader prospect of the publications in this thesis. In that publication, we
have found that henequén (Agave fourcroydes) roots harbor the greatest diversity of cryptical
viral species of all tested samples (containing 18 out of the 25 species described in this
publication), likely through the association of the plant host with fungi, since various viral
species share similarity with mycoviruses and a high proportion of fungal transcripts was
described latter with the same dataset (MARONE et al., 2022). The work by Marone et al. also
reinforces our hypothesis that A. welwitschiae might be part of the regular microbiota of sisal-
like species, causing disease in stressed or weakened plants. From field observations, we also
know that the bole rot disease (or at least similar symptoms) is highly incident in mature sisal
plants, during the blooming stage. That might also be connected with the florigen-like effector
included in our 2022 publication (QUINTANILHA-PEIXOTO et al., 2022).

The tissues of A. sisalana, the main fiber-producing variety in Brazil, have a higher
dominance of a single viral species (Sisal-associated Closterovirus A) throughout its roots,
stem, and leaves (Figure 5E). Although no scientific article has ever been published on the
disease incidence across the different sisal varieties, our research group knows from field works

that henequen and the Hybrid 11648 are more resistant to the bole rot of sisal. Even though
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henequén is a relevant crop in the Yucatan peninsula (which is also where A. sisalana
originates) for fiber and mezcal production (GONZALEZ-ITURBE; OLMSTED; TUN-DZUL,
2002), the scientific literature on crop disease is very scarce for this species, which also
reaffirms our publication as a breakthrough for sisal and henequén research. A single
publication (QUIJANO RAMAYO et al., 2002) references research describing fungal
pathogens in this crop during the late 1980s, not mentioning the bole rot, but a pole dry rot
caused by Cercospora. It is not clear if this disease is equivalent or the same thing as bole rot,
especially considering the techniques for fungal identification used at the time of this study.
Henequén and Hybrid 11648 are less used for fiber extraction in Brazil due to higher
lignification that damages the machinery in the fields (especially for henequén), which Raya et
al. (RAYA etal., 2021) believe to be a relevant factor for disease resistance. During field works
we have also learned that some farmers are exchanging the cultivation of the traditional A.
sisalana for the cultivation of Hybrid 11648, which is more resistant to the disease and not as
“hard” (lignified) as A. fourcroydes.

On the other hand, it is also known from the literature that beneficial microbial species
might help plant hosts fight diseases by antagonizing pathogenic microbes and by producing
antimicrobial molecules (HASHEM et al., 2016; SINGH; SINGH; SINGH, 2018; YAN et al.,
2019). Since our publication, other research has described plant viromes reflecting the plant
host and associated microbial diversity (REDILA; PRAKASH; NOURI, 2021), and how that
might be used as a tool when breeding for disease resistance (ALCALA BRISENO et al., 2023).
It could be interesting to understand if bole rot susceptibility is also linked with the microbial
composition of sisal plants, which could be achieved through a metagenomics study, especially
considering the rise of Hybrid 11648 as a resistant alternative to A. sisalana. Our research group
has taken steps toward understanding the plant gene expression in healthy versus affected
individuals, which could give us a glimpse into microbial diversity and disease susceptibility
associated with those plants. This was proven especially difficult, considering the lignification
of the stem tissue in A. sisalana plants, which yields low RNA content as a consequence. Our
experimental design includes 6 affected and 5 healthy plants, sequenced in triplicates. The early
results were not included in this document precisely because of the low yield and specificity
obtained; further analysis is required to understand if this is a reliable dataset for further
transcriptome studies (CONESA et al., 2016). Nonetheless, because this is the current dataset
at hand, it is the most concrete foreseeable perspective for our research group’s studies on the

bole rot of sisal.
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In Chapter IV we were able to produce a method for detecting the pathogen in plant
tissues without the need to kill the plant, based on the PCR amplification of a marker gene, a
Al-pyrroline-5-carboxylate reductase (PC5R). We understand that this method could be
particularly useful for companies like Embrapa, which distributes sisal bulbils to farmers. By
applying our method, such companies could make sure not to spread pathogen-infected bulbils,
and keep a simple control when breeding for bole rot resistance. Although our technology has
solid results seen throughout the patent, it has an important limitation; A. niger strain CCT 4026,
which we used as a negative control for the P5CR, lacks molecular identification through
markers like ITS or Calmodulin (CaM). Nonetheless, further testing performed by Dr. Fabio
Raya has confirmed and expanded those results by using another certified strain of A. niger and
various other certified Aspergillus species (the manuscript is currently under review at Frontiers

in Chemical Engineering).

In the 2019 and 2022 publications on the fungal pathogen’s genomics, we brought
relevant information on the strategies that A. welwitschiae disposes to infect and colonize sisal
plants. Chapter V corresponds to an effort to integrate wet bench and in silico approaches to the
study of mycotoxins and other secondary metabolites (QUINTANILHA-PEIXOTO et al.,
2019). In this research, the extraction of aromatic compounds was carried out only in strain
CCMB 674, obtaining 13 different compounds. An in silico analysis aiming to describe the
Secondary Metabolites Gene Clusters in this isolate obtained 64 clusters. Even though our focus
has been the interaction of A. welwitschiae and sisal since the beginning of this research, this
publication is particularly relevant considering the role of A. welwitschiae as an opportunistic
human pathogen (TAKEDA et al., 2020); we studied the fungal ability to produce fumonisins
and ochratoxins, which affect both plant hosts and animals feeding off contaminated produce
(PFLIEGLER et al., 2020). Our results show that sisal strains are not capable of producing
fumonisins, and even though a full cluster for the detection of ochratoxin was found, this
compound was not detected in the wet bench analysis. The detected profile of secondary
metabolites is expected to change under plant-pathogen interactions since mycotoxins are
known to be activated under stress conditions (REVERBERI et al., 2010). Thus, a special
experimental design would be required for further affirmations regarding mycotoxins
production in the bole rot of sisal. In this research, we also discuss the gap between the
chromatography detection of the secondary metabolites and the molecular knowledge about

their production at the molecular level. That became an obstacle to our discussion and one of
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the reasons why we devised a broader discussion of SMGCs in Aspergillus in our
phylogenomics publication (QUINTANILHA-PEIXOTO et al., 2022).

The 2022 publication included in Chapter I11 describes the evolutionary relationships of
A. welwitschiae with the other species in the genus Aspergillus and some evolutionary traits in
protein-coding genes in the three strains available at that time (a new genome for strain
BCSIR_imrd1 was made available in 2023), summing up to 40 Aspergillus genomes. The most
impactful discovery in that publication is certainly the polyphyletism of A. welwitschiae; while
strain CBS 139.54 (from Welwitschia mirabilis) forms a monophyletic clade with strain CCMB
663 (isolated from A. sisalana), strain CCMB 674 (from A. sisalana) appears in a separate clade
from both A. welwitschiae and A. niger, indicating that this could be a new species. Indeed, in
the 2018 publication by Duarte et al. (DUARTE et al., 2018), which confirms A. welwitschiae
as the causative agent of bole rot, strain CCMB 674 appears in a separate clade in a CaM-based
phylogenetic tree of all A. welwitschiae sequences available at that time. But this clade is not
an outlier, but rather fully incorporated with other A. welwitschiae strains. The remaining
positive selection analysis performed in this publication confirms A. welwitschiae as an
opportunistic pathogen/saprophytic species. The affected molecular functions (two membrane
transporters and one effector protein) are classical traits of this niche of pathogens. Even though
membrane transporters are present in all cellular organisms, the referred transporters have
important links with pathogenicity in other species. Meanwhile, effector proteins are one of the

typical strategies of necrotrophs to modulate the host plant response and cause cell death.

In summary, our results helped bring more information about the viral species and the
main pathogen of A. sisalana. Specifically, we identified 25 viral species in sisal and henequén,
24 of which are new. We also describe that one of the A. welwitschiae genomes might
correspond to a new species, in which 13 aromatic compounds were identified through HPLC-
MS. Even though this was detected as a polyphyletic species, we have developed a PCR method
for the identification of this fungus in sisal plants, in a marker gene that is conserved throughout
all A. welwitschiae isolates. We sincerely hope that these findings might help advance the
research on bole rot and other fungal diseases in crops and that it might lay a strong basis for

the research that might follow.
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