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Approximately 75% of the worldwide production of hard natural fibers originates from sisal, an industrial crop from arid and semiarid tropical regions. Brazil is the world's largest producer of sisal fiber, accounting for more than 40% of the worldwide production, and sisal bole rot disease has been the main phytosanitary problem of this crop. All previous studies reporting Aspergillus niger as the causal agent of the disease were based on the morphological features of fungal isolates from infected plant tissues in pure cultures. Black aspergilli are one of the most complex and difficult groups to classify and identify. Therefore, we performed an integrative analysis of this disease based on the isolation of black aspergilli from the endospheres and soils in the root zones of symptomatic adult plants, in vivo pathogenicity tests, histopathology of symptomatic plants, and molecular phylogeny and worldwide genetic variability of the causal agent. All sisal isolates were pathogenic and unequivocally produced symptoms of bole rot disease in healthy plants. In all tree-based phylogenetic methods used, a monophyletic group formed by A. welwitschiae along with all sisal isolates was retrieved. Ten A. welwitschiae haplotypes have been identified in the world, and three occur in the largest sisal-producing area. Most of the isolates are from a unique haplotype, present in only the sisal-producing region. A. welwitschiae destroyed parenchymatic and vascular cylinder cells and induced the necrosis of internal stem tissues. Therefore, sisal bole disease is probably the consequence of a saprotrophic fungus that opportunistically invades sisal plants and behaves as a typical necrotrophic pathogen.
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INTRODUCTION

Sisal (Agave sisalana Perrine), also known as sisal hemp, is a perennial monocotyledonous succulent plant of the family Asparagaceae that has thick leaves in a basal rosette (aerial stem) (WCSP-World Checklist of Selected Plant Families in the Catalogue of Life, 2016) and originates in the semiarid and arid areas of Mexico (García-Mendoza, 2002; Coleman-Derr et al., 2016). Sisal has several morphological and physiological characteristics that make it well adapted to arid and semiarid regions worldwide (Mielenz et al., 2015; Stewart, 2015). Like other Agave species, sisal utilizes the Crassulacean acid metabolism (CAM) pathway for CO2 fixation, with stomatal opening during the night due to less evapotranspiration and better water efficiency at the lower night temperatures (Abraham et al., 2016). In addition, the leaves have a thick, waxy cuticle and are arranged in a spiral shape around the stem, forming a rosette, which favors water retention (Ortiz and Van der Meer, 2006). These leaf morphological features also give protection against insects and pathogenic microorganisms (Silva and Beltrão, 1999; Neto and Martins, 2012). Sisal is a monocarpic plant that forms an inflorescence after six to nine years and subsequently dies (Asfaw, 2011). Its reproduction is mainly asexual via suckers originating from the rhizomes (subterraneous stems) and bulbils produced in the inflorescence (Moreira et al., 1999).

The important physiological features of Agave species as CAM plants, which have thick, waxy leaf cuticles and stomata and roots adapted to drought, have been pointed out by several authors (Corbin et al., 2015; Yang et al., 2015; Davis et al., 2017). These authors reinforce the importance of these plants for several uses, such as the production of bioenergy in semiarid and arid environments, which are considered marginal agricultural lands, in the USA, Australia, Mexico, Brazil, African countries and many other tropical parts of the word.

The main economic application of sisal is in the textile industry, as approximately 75% of all hard natural fibers are produced from sisal (Parsons and Darling, 2000; Rousso, 2010). These fibers are used for making agricultural baler twine and to make carpets, rugs, sacks, yarns, ropes and other cordage (Müssig, 2010). Sisal has also been studied as a medicinal plant (Chen et al., 2009; Debnath et al., 2010), as feedstock for bioenergy (Yang et al., 2015; Davis et al., 2017), as a source of saponins (Sidana et al., 2016) and for producing biocomposites in substitution of glass, carbon and polymeric (plastics) fibers (Scopel et al., 2013). Furthermore, residues from the decortication of the leaves can be used for animal feed (Faria et al., 2008) and have been studied for their nematicidal (Jesus et al., 2014; Damasceno et al., 2015), antimicrobial (Santos et al., 2009), and insecticidal properties (Sousa et al., 2014).

Sisal plants were first exported from the region of Yucatan in Mexico to southern Florida (USA) in 1834, and they were introduced to Tanzania (former Tanganyika, Africa) in 1893 (Kimaro et al., 1994). All sisal plants distributed in several tropical and subtropical countries are suggested to have originated from these Yucatan-exported plants (Medina, 1954). This plant was introduced to Brazil from bulbils that were brought from Florida (USA) in 1903 by the entrepreneur Horácio Urpia Júnior, who initiated the first commercial plantation and production of sisal fibers in this country in the municipality of Maragogipe in the state of Bahia (Pinto, 1969). At the worldwide level, Angola, Kenya, Madagascar, Mozambique, South Africa, and Tanzania (in Africa); China, Indonesia, and Thailand (in Asia); and Mexico, Cuba, and Haiti (in North and Central America) produce fibers from sisal or other Agave species, with a worldwide production of 300,000 tons/year (Food and Agriculture Organization, 2015). Brazil is the world's largest producer of sisal fiber, accounting for more than 40% of the world production (Food and Agriculture Organization, 2015), and the state of Bahia claims approximately 95% of the Brazilian sisal production (IBGE-Instituto Brasileiro de Geografia e Estatística, 2015). This crop has become socially and economically important in the semiarid region of Brazil because of the number of jobs generated in its production chain. Furthermore, sisal has become the main agricultural product for small family-based farming systems in very poor regions of the state of Bahia (Silva and Beltrão, 1999; CONAB Companhia Nacional de Abastecimento, 2016).

Sisal bole rot, also known as sisal red rot disease, has been the main phytosanitary problem in sisal plantations in Brazil, with 100% prevalence and an average incidence of 35% in sisal-producing areas (Abreu, 2010). This disease, which can lead to plant death, was initially detected in sisal plantations in Tanzania in the 1930's (Wallace, 1937), but it was only described approximately 20 years later by Wallace and Dieckmahns (1952). In their seminal paper, these authors pointed out that the disease was caused by Aspergillus niger, a common and widespread soil saprotrophic fungi, and some mechanical injury to the plant (caused by human management and/or insects) is required for the infection to occur. In an extensive review of sisal, Medina (1954) reported a description by Machado (1951) of a sisal light-brown stem base rot in the state of Paraiba, Brazil, which is the first citation of this disease in Brazil. Medina (1954) also suggested that the sisal red rot described in Venezuela by Ciferri (1951) and the sisal stem rot in Anjouan Island (Comores, Africa) reported by Crétenet and De Raucourt (1959) were all descriptions of the same disease.

In Brazil, sisal bole rot was first attributed to Botryodiplodia theobromae (Lima et al., 1998) and later to A. niger, with disease incidences varying from 5 to 40% (Coutinho et al., 2006). Pathogenicity tests and the satisfaction of Koch's postulates were reported, and symptoms were observed in only wounded inoculated plants under greenhouse conditions. These symptoms were described as yellowish leaves (external symptoms) and brown internal tissue surrounded by reddish tissue inside sisal aerial stem (internal symptoms) (Coutinho et al., 2006). Santos et al. (2014) reported that A. niger, Aspergillus brasiliensis, and Aspergillus tubingensis, isolated from the soils of sisal-producing areas, were able to cause this disease in sisal plants inoculated under greenhouse conditions. Nevertheless, these authors pointed out that only A. niger was isolated from field symptomatic plants, and the epidemiological significance of the other two Aspergillus species remains unknown.

Since the first description of the disease (Wallace, 1937), assignment of the etiological agent has been controversial, and distinct microorganisms (even from distinct kingdoms), such as Pythium aphanidermatum (Chromista, Oomycota) (Bock, 1965), Lasiodiplodia theobromae (Fungi, Ascomycota: Dothidiomycetes) (Lima et al., 1998) and A. niger (Fungi, Ascomycota: Eurotiomycetes), with the latter being the most common (Wallace and Dieckmahns, 1952; Coutinho et al., 2006), have been associated with this disease. However, all these studies that identified the causal agent of the disease as A. niger were based on solely macro- and micromorphological features of the fungal isolates from plant infected tissues in pure culture.

Black aspergilli (Aspergillus section Nigri) are one of the most complex, confusing, and difficult groups to classify and identify (Varga et al., 2011). This taxonomic group includes six different clades (Samson et al., 2014) and 26 distinctly recognized species (Ismail, 2017). Thus, species of Aspergillus section Nigri are morphologically very similar and, in many cases, phenotypically indistinguishable and can only be reliably identified by the calmodulin (CaM) gene and not by the primary (nrITS) fungal DNA barcode (Susca et al., 2016). Moreover, none of the aforementioned works performed a detailed histopathological analysis of the disease.

Therefore, along with a thorough reappraisal of the sisal bole rot, we aimed to perform an integrative study of this fungal disease comprising the following phytopathological, microbiological and molecular analyses: (i) the isolation of black aspergilli in the endosphere (roots/stems/leaves) and corresponding soils in the root zones of symptomatic adult sisal plants in commercial plantations; (ii) in vivo pathogenicity tests, including the time-course of the infection with black aspergilli isolated from plant endospheres and the corresponding soils in the root zones; (iii) the histopathology of the symptomatic plants; and (iv) a comprehensive molecular phylogeny and world-level genetic variability of the etiological agent of the sisal bole rot using the CaM gene.

MATERIALS AND METHODS

Field Sampling of Endosphere Tissues and Corresponding Soils in the Root Zones of Adult Sisal Plants From Commercial Plantations

The fieldwork was performed in commercial plantations in the rural zone of three municipalities of the main sisal-producing area of the world, the Brazilian semiarid region of the state of Bahia with the typical BSh climate in the Köppen system: (i) Conceição do Coité (11°40′0″S, 39°20′0″W), with a mean annual temperature of 22.3°C, a mean annual rainfall of 585 mm, and a mean elevation of 428 m; (ii) São Domingos (11°27′56″S, 39°31′34″W), with a mean annual temperature of 23.4°C, a mean annual rainfall of 521 mm, and a mean elevation of 290 m; and (iii) Retirolândia (11°28′46″S, 39°24′58″W), with a mean annual temperature of 23.1°C, a mean annual rainfall of 525 mm, and a mean elevation of 315 m (INPE – Instituto Nacional de Pesquisas Espaciais., 2017). The soil characteristics of each site are presented in Supplementary Table 1.

Samples of leaf, stem and root tissues from adult plant specimens of sisal (Agave sisalana Perrine) and the corresponding soil in the root zone were collected in the dry and rainy seasons. For each study site, four plant specimens exhibiting the typical symptoms of sisal bole rot (chlorotic and wilted leaves associated with a reddish color in stem tissue and at the base of the leaves) were selected randomly. Two samples of each tissue, leaf, stem (red rotten margin), and root as well as the soil from all plant specimens were collected. The soil samples were collected around the sisal plant root zone along a 0–20 cm deep and were sieved through a 2 mm mesh. Tissue and soil samples of all plant specimens were stored at 4°C until processing.

Isolation, Maintenance, and Preservation of Sisal Endospheres and Root Zone Soil-Associated Black Aspergilli

The intact samples of plant tissues (roots, stems and leaves) were washed with sterilized distilled water, and the fragments were aseptically removed from them using sterilized scalpels. Six 25 mm2 fragments (two from each region of the samples: apical, median and basal) were removed from all the tissue samples. The fragments were surface-sterilized via successive dipping in 70% ethanol (1 min), 2% sodium hypochlorite (1 min), and 70% ethanol (30 s), followed by washing with sterile distilled water (1 min) three times in a laminar flow-hood (Pereira et al., 1993). To test the effectiveness of the surface sterilization, 100 ml of the water used during the final rinse was plated onto potato dextrose agar (PDA) to test for epiphytic microbial contaminants. All the tissue fragments were plated onto PDA with chloramphenicol (50 mgL−1), incubated at 25°C and daily examined for up to 15 days. The isolation of root zone soil-associated fungi was performed from a serial dilution of 10 g of soil in the root zone in 90 mL of sterilized saline solution (NaCl at 0.85%). Decimal aliquots (1:10) of the original solution were plated onto PDA with NaCl at 6% (Dhingra and Sinclair, 1994), incubated at 25°C and examined at every 3 days for up to 15 days.

Colony-forming units (CFUs), with the typical morphological features of black aspergilli, were subcultured by transferring a colony fragment to new sterilized PDA medium. The isolated black aspergilli CFUs were then characterized by macro- and micromorphology and further grown in pure culture. Five replicates of all the fungal isolates were preserved in sterile distilled water (Castellani, 1967), cryopreserved in 20% glycerol, and further deposited in the Culture Collection of Microorganisms of Bahia (CCMB) (Table 1).


Table 1. Plant endosphere- and rhizosphere-associated black aspergilli isolated from symptomatic plants in the study areas.
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Koch's Postulates and Pathogenicity Tests on Plant Endosphere- and Root Zone Soil-Associated Black Aspergilli Isolated From Symptomatic Plants Under Greenhouse Conditions in Sisal Bulbils

Pathogenicity tests on black aspergillus isolates from the plant endosphere (roots, stems, leaves) and corresponding soil in the root zone were carried out in sisal bulbils (approximately 4 months old, 30-cm in height, 8–10 leaves) in plastic pots with 1 kg of soil under greenhouse conditions. Fungal isolates were cultured in 9-cm Petri dishes with PDA and incubated for 5 days with a 12-h photoperiod at 25 ± 1°C. Inocula were prepared by pouring a solution of 0.03% Tween 20 in sterilized distilled water into the plates with the fungal cultures and scraping the colonies with a sterile inoculating loop. The colony suspensions were filtered through sterile cheesecloth, and spore suspensions were counted with a Neubauer chamber under a light microscope and adjusted with sterile water to the final concentration of 1 × 106 spores ml−1. The same solution without fungal inoculum was used to set the control plants. Healthy (asymptomatic) sisal bulbils (30 cm height) were inoculated with an inoculum (50 μl of spore suspension) deposition into three micro-wounds (3-mm depth, performed with a hypodermic needle) in the stem tissue. Control plants were treated in the micro-wounded stem with the 0.03% Tween 20 solution without inoculum. The inoculated and control plants were maintained under greenhouse conditions with irrigation every 3 days. This experiment was carried out in a completely randomized design (CRD) with 10 replicates. All plants were observed daily for symptoms of bole rot disease for 30 days. After observation of external symptoms (leaf wilting and/or red rot symptoms at the leaf base region close to the stem), the plants were cut vertically through the stem tissue for the observation of internal symptoms.

To confirm the pathogenicity of the black aspergillus isolates, re-isolations from lesions in sisal stems were carried out immediately after symptom observation. Small fragments excised from the stems were surface-sterilized via successive dipping in 70% ethanol (1 min) and 1% sodium hypochlorite (1 min), followed by washing with sterile distilled water 3 times. Excess water was removed using sterilized filter paper (Whatman no. 1). The fragments were inoculated in 9-cm Petri dishes with PDA and incubated for 5 days with a 12-h photoperiod at 25 ± 1°C. The morphologies of the fungal colonies were compared with the initial isolates, and the re-isolated strains were further sequenced to verify their molecular identity and re-inoculated in healthy sisal bulbils to confirm Koch's postulates.

Anatomical and Histological Analyses of the Infected Stems of Adult Sisal Plants From Commercial Plantations

Stem samples of five adult specimens with visible symptoms of bole rot disease were collected from the sisal-producing areas of Conceição do Coité, Bahia, Brazil. These samples were also used for isolating black aspergilli for molecular identification and pathogenicity tests. The stem tissue samples were vacuum-fixed in FNT (buffered neutral formalin: phosphate buffer and formalin, 9:1 v/v) for 48 h in a desiccator (Lillie, 1965) and further conserved in 70% ethanol. The fixed samples were then dehydrated in a graded ethanol series and embedded in 2-hydroxymetyl methacrylate (Historesin, Leica) according to Meira and Martins (2003). Serial transversal and longitudinal thin sections (5–12 μm) were obtained using a semi-motorized rotary microtome (Leica RM2245). The thin sections were stained with toluidine blue (pH 4.4) (Steer, 1982) and double-stained with toluidine blue and basic fuchsin (Junqueira, 1990) to observe and distinguish the fungal structures in plant tissues. The slides were mounted with synthetic resin (Permount/Fisher) and photographed using an Olympus BX51 photomicroscope equipped with a digital photographic camera (Olympus A330). Figure scales were obtained via the projection of a photographed/digitized micrometric slide in the same optical conditions of the photos.

Morphological Characterization of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli

Morphology was analyzed according to the criteria of Samson et al. (2014). Czapek yeast extract agar (CYA), malt extract agar (MEA), Czapek agar (CZA), and oatmeal agar (OA) were used for macromorphological characterization. The isolates were inoculated at three points on each plate of each medium and incubated at 25, 30, or 37°C in the dark for 7 days, and the plates were unwrapped to allow for sufficient aeration. The macromorphological features used for characterizing the species included the colony growth rate, texture, degree of sporulation, production of sclerotia, mycelium color, sporulation, soluble pigments, exudates, and colony reversals. The micromorphological features used for characterizing the species were the shapes of conidial heads; the presence or absence of metulae between vesicles and phialides (i.e., uniseriate or biseriate); the color of stipes; and the dimensions, shapes and textures of stipes, vesicles, metulae (when present), phialides, and conidia. To perform micromorphological observations, microscopic mounts were made in lactic acid from MEA colonies after 7 days, and a drop of 70% ethanol was added to remove air bubbles and excess conidia.

Molecular Characterization of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli

Genomic DNA was extracted using the UltraClean® Microbial DNA Isolation kit (Mo Bio, CA, USA). The integrity and quantification of genomic DNA were evaluated by fluorimetry using the Qubit 2.0 Fluorimeter® (Invitrogen). The partial sequence of the CaM gene was amplified with the primers CMD5 (CCGAGTACAAGGARGCCTTC) and CMD6 (CCGATRGAGGTCATRACGTGG) according to Hong et al. (2005). The reactions were prepared in a final volume of 50 μl with the following reagents and concentrations: 60 ng of DNA of each sample, 1 × dAmpliTaq Gold® 360 Master Mix (Life Technologies) and 0.5 pmol/μl of each primer (forward and reverse).

Successfully amplified PCR products were purified using the Illustra® GFX PCR DNA and Gel Band Purification kit (GE Healthcare Life Sciences) and sequenced on an ABI3130 automated sequencer (Applied Biosystems, Life Technologies Q7, CA, USA). The sequences were manually edited using Geneious software (version 9.1.6) (Kearse et al., 2012) and deposited into the NCBI GenBank (Table 1).

Phylogenetic Analyses of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli

The sequences generated in this work were combined with partial CaM sequences of the type specimens of Aspergillus section Nigri (Samson et al., 2014). The sequence of the type specimen of Aspergillus carbonarius was used as the outgroup since the A. carbonarius clade is the sister group of the A. niger “aggregate” clade. The newly generated sequences of our study (GenBank accession no. MG322269-MG322292) and additional sequences downloaded from GenBank are listed in Table 1 and Supplementary Table 2, respectively. The datasets were aligned using MAFFT v.7 (Katoh and Standley, 2013) under the G-INS–i criteria. Then, they were manually inspected using MEGA v.7 (Tamura et al., 2013). The best-fit model of nucleotide evolution to the datasets was selected by both the Bayesian information criterion (BIC) and the corrected Akaike's information criterion (AICc) using jModelTest2 v.1.7 (Guindon and Gascuel, 2003; Darriba et al., 2012).

All four main methods of phylogenetic analysis, distance (D), maximum parsimony (MP), maximum likelihood (ML), and Bayesian (B), were used to evaluate the dataset. Phylogenetic analyses were performed in PAUP 4.0b10 (Swofford, 2002) and MrBayes 3.2 (Ronquist and Huelsenbeck, 2003).

Bayesian inference (BI) phylogenetic analysis was also applied to the datasets. BI was performed using MrBayes 3.1.2 with two independent runs, each one beginning from random trees with four simultaneous independent chains, performing 1 × 107 replications, sampling one tree every 1 × 103 generations. The first 2.5 × 106 sampled trees were discarded as burn-ins and checked by the convergence criterion (frequencies of the average standard deviation of split <0.01), while the remaining trees were used to reconstruct a 50% majority rule consensus tree and calculate the Bayesian posterior probabilities (BPP) of the clades. A node was considered strongly supported if it showed a BPP ≥ 95% and/or BS ≥ 70%.

Sequence Diversity Analyses of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli and Comparison With Public Databases Worldwide

Searches for sequence nucleotide variations (SNVs) to identify putative single nucleotide polymorphisms (SNPs) and characterize the haplotypes at the species level of both the sequences from our study (Table 1) and all publicly available CaM sequences from the same identified fungal species around the world (Supplementary Table 3) were performed using Geneious v. 9.1.6 (Kearse et al., 2012). To identify and characterize the SNPs, we used a minimum variant frequency = 0.05 and calculated the p-values based on the approximate p-value method.

RESULTS

Koch's Postulates and Pathogenicity Tests in Healthy Sisal Bulbils Under Greenhouse Conditions and Time-Course Analysis of the Infection

All the isolated fungal strains of black aspergilli from the endosphere (Figure 1) and corresponding soil in the root zone of adult infected sisal plants were pathogenic and unequivocally produced the symptoms of bole rot disease in healthy sisal bulbils under greenhouse conditions (Figure 2). The infection began in the bole base, which is the region of the foliar sheaths that is closer to the soil surface and the micro-wounded tissue (Figures 2A,B), and progressed in the direction of the bole apex (Figures 2C,D). The bulbil phenotype comprised initially reddish lesions that became brownish in the center with black fungal conidiophores with progression of the disease (Figures 2A–D). Except for the presence of black fungal sporulation, which did not occur in all plants, the symptoms were the same as those observed under field conditions in adult plants of commercial plantations (Figures 2E–H). The spores from the conidiophores of fungal sporulation were re-inoculated in healthy sisal bulbils and, again, produced the symptoms of bole rot disease. Thus, Koch's postulates were confirmed.


[image: image]

FIGURE 1. Black aspergilli isolated from the endosphere of symptomatic sisal plants. Black aspergillus mycelia emerging from four explants of the aerial stem (bole) of infected sisal plants inoculated onto culture media in a Petri dish.
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FIGURE 2. Symptoms of bole rot disease in healthy sisal bulbils grown under greenhouse conditions and adult plants in the field (I–L) and histopathology of the infected boles of adult plants (M–P). (A–D) Gross longitudinal sections of an artificially infected sisal bulbil showing the internal lesion of the aerial stem. (E) External view of an infected aerial stem showing the typical reddish color due to the fungal infection (white arrow). (F) Detailed view of the internal infected tissues of the aerial stem (white arrow). (G,H) Gross transversal sections in distinct magnifications showing the necrotic lesions of the aerial stem. (I) Healthy adult plant (left white arrow) beside a symptomatic adult plant (right white arrow) in the field. (J) Dead adult plant due to fungal infection (white arrow). (K) An external view of a symptomatic rhizome (subterraneous stem) of an adult plant in the field. (L) Gross longitudinal section of a rhizome of an adult plant in the field. (M,N) Histological transverse sections of an infected aerial stem of an adult plant, showing a degraded vascular bundle, parenchymatic cells and idioblast. VB, vascular bundle; (P) parenchyma; I, idioblast; (O,P) histological longitudinal sections of an infected aerial stem of an adult plant at different magnifications, showing fungal hyphae in intercellular spaces and inside parenchymatic cells (white arrow).



Usually, the first symptoms were observed within 8–10 days after the inoculation. The base of the leaves showed the external symptoms of chlorosis and wilt, and some leaves began to show a humid rot symptom. In 12–15 days, these symptoms progressed to form bole necrosis but without plant death. After 15 days, some bulbils were dead, and the boles were totally necrotic, with the leaves easily detaching from the bole. In these bulbils, the rot symptoms were humid and yellowish, and the boles became completely necrotic, with black fungal conidiophores on the infected tissues (Figures 3A–D). A typical reddish color in the bole and leaf base along with leaf chlorosis and wilting, bole necrosis with easily detached leaves, and black conidiophores in the infected tissue was also observed in the bulbils 12–15 days after inoculation (Figures 3E,F). These signals of the pathogenic fungus and the symptoms described in Figures 3A–D were more frequent in younger bulbils with thinner boles and softer tissues. In 30 days, most of the bulbils were dead with necrotic boles and yellowish or reddish leaf base symptoms. Only a few of the bulbils survived for more than 30 days.
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FIGURE 3. Time-course of the infection in sisal bulbils grown under greenhouse conditions. (A,B) External symptoms 8–10 days after the inoculation. The black arrows show chlorosis and wilt. (C–F) Aerial stem necrosis and plant death (after 12–15 days).



Anatomy and Histology of the Infected Boles of Sisal Adult Specimens in the Field

All the adult plants analyzed in this sisal-producing area exhibited the same symptoms. The plants with bole rot disease showed typical external symptoms: wilted and chlorotic leaves and, in some plants, reddish and bended leaves (Figure 2I, right arrow), and the healthy plants did not show these symptoms (Figure 2I, left arrow). The internal symptoms were observed as necrosis in the bole leaf base (Figures 2E–H) and rhizomes (Figures 2K,L), all of which exhibited reddish rot tissue. The progression of the disease caused plant death (Figures 2J). Longitudinal and transversal sections of the bole indicated that the disease was disseminated along the ground parenchyma from the cortex to the vascular bundle (Figures 2F–H). The typical reddish color produced by the disease was observed in all the tissues infected by the fungal pathogen (Figures 2F,L).

In the histological sections, the parenchymatic cells of bole tissues infected by the fungal pathogen showed green-stained cell walls stained with toluidine blue, while the cells of healthy tissues were stained blue (Figures 2M–P). In the region affected by the disease, the parenchymatic cells showed degraded walls without a defined shape (Figures 2M,N,P) compared to healthy tissue, whose cells were isodiametric with thin walls. In the bole tissues with red rot, the vascular bundles were completely destroyed, exhibiting degradation of vessel elements of the xylem, and obliteration of their lumina (Figures 2M,N). The longitudinal sections of infected sisal boles displayed the presence of the fungal pathogen inside parenchymatic cells (Figure 2O). Fungal hyphae were also found in intercellular spaces (Figure 2O).

Morphological Characterization and Molecular Phylogenetic Analyses of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli

All the isolates of sisal endosphere- and root zone soil-associated black aspergilli had overlapping macro- and micromorphological qualitative (shape, ornamentation, etc.) and quantitative (size) characteristics in the mycelia, conidiophores and conidia (Figures 4A–H; Table 2). Similarly, the isolates had similar ranges of growth rates on the media CYA, MEA, and OA, and most had optimum growth temperatures of 25, 28, or 30°C (Table 2).
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FIGURE 4. Macro- and micromorphological aspects of black aspergilli isolated from the symptomatic sisal plants. (A–D) Aspect of the mycelial growth of colonies in distinct culture media (CYA, MEA, CZA, OA). (E–G) Conidiophores. (H) Conidia.




Table 2. Macro- and micromorphological features of plant endosphere- and root zone soil-associated black aspergilli isolated from symptomatic sisal plants in the study areas.
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The matrix of the aligned sequences generated in this work (Table 1) combined with partial CaM sequences of the type specimens of Aspergillus section Nigri (Supplementary Table 2) for phylogenetic analysis was 271 characters long.

Maximum Parsimony (MP)

A total of 13.3% of the characteristics were variable, and 91.7% of the variable characteristics were parsimony-informative. The final result of the parsimony analysis comprised the six most parsimonious unrooted trees with 98 evolutionary steps, with a consistency index (CI) = 0.85 and a homoplasy index (HI) = 0.15. After rooting, the majority consensus tree had the following phylogenetic relationships in common: (a) the monophyly of the A. niger/welwitschiae clade supported by the maximum bootstrap value (BS = 100%), (b) the monophyly of the A. niger clade was strongly supported (BS = 92%), and (c) the monophyly of the A. welwitschiae clade was moderately supported (BS = 65%). The later clade comprised all the sisal endosphere and root zone soil-associated black aspergilli of our study in addition to the type species and additional A. welwitschiae species publicly deposited (Figure 5A). There were also two strongly supported (BS = 85%), less inclusive clades inside the A. welwitschiae clade, one of which encompassed most of the sisal isolates (79.2%) and the other comprised the remaining sisal isolates, including the A. welwitschiae type species (Figure 5A).
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FIGURE 5. (A) Maximum parsimony majority rule consensus tree of Aspergillus niger “aggregate” clade type species and black aspergilli isolated from symptomatic sisal plants (bootstrap values above 50% are exhibited). (B) Distance tree of Aspergillus niger “aggregate” clade type species and black aspergilli isolated from symptomatic sisal plants (bootstrap values above 50% are exhibited). (C) Maximum likelihood tree of Aspergillus niger “aggregate” clade type species and black aspergilli isolated from symptomatic sisal plants (bootstrap values above 50% are exhibited). (D) Bayesian majority rule consensus tree of Aspergillus niger “aggregate” clade type species and black aspergilli isolated from symptomatic sisal plants (posterior probability values above 50% are exhibited).



Distance (D)

The distance analysis final results comprised only one unrooted tree. After rooting, like the maximum parsimony analysis, the rooted tree showed the same main phylogenetic relationships among the studied taxa. The A. niger/welwitschiae clade was again maximally supported (BS = 100%), the A. niger clade was strongly supported (BS = 85%), and the A. welwitschiae clade, containing all sisal isolates, was moderately supported (BS = 65%). The less inclusive clades inside the A. welwitschiae clade retrieved in MP analysis were also present; most of the sisal isolates were in one group, and the same other sisal isolates mentioned above, including the A. welwitschiae type species, were in another group (Figure 5B).

Maximum Likelihood (ML)

The maximum likelihood phylogenetic analysis encompassed only one unrooted tree, which exhibited the exact same topology of the MP majority consensus tree after rooting. The support values were very similar, with a stronger value for the A. niger clade (BS = 97%) but the same bootstrap proportions for A. welwitschiae clade (BS = 65%) and the less inclusive clades inside it (BS = 85%) (Figure 5C).

Bayesian (B)

The rooted majority consensus tree of the Bayesian phylogenetic analysis exhibited a topology that was identical to those of ML and MP. Moreover, the branch support values were also very similar, with minimum differences. The A. niger clade received the maximum support value (PP = 100%). The A. welwitschiae clade received a slight minor posterior probability proportion (PP = 57%), but the less inclusive clades inside it, comprising the same groups evidenced in the other analyses, exhibited maximum to almost maximum support values (PP = 100% and 99%) (Figure 5D).

All the sequences of the strains of sisal pathogenic black aspergilli formed a moderately supported clade with all A. welwitschiae, including the sequence of the type specimen. This clade, retrieved in all phylogenies, was clearly distinct from its sister group, the A. niger clade, which was nearly maximally or maximally supported in all the analyses.

Sequence Diversity Analyses of Sisal Endosphere- and Root Zone Soil-Associated Black Aspergilli Compared With All the Same Species Identified Worldwide

The matrix of the aligned sequences generated in this work (n = 24) (Table 1) combined with partial CaM sequences of all publicly available sequences of distinct A. welwitschiae isolates around the world (n = 102) (Supplementary Table 3) comprised 126 sequences.

A total of 10 distinct haplotypes were identified and characterized (Table 3). The most common haplotype (Hap1) comprised 38.9% of all sequences, including the sequence of the type specimen of A. welwitschiae and four sisal isolates. These strains were isolated from all three studied areas (Conceição do Coité, São Domingos, and Retirolândia) and from both plant endospheres (stem and root) and the corresponding soil in the root zone. The other strains of this Hap1 haplotype were isolated in North (Canada and Mexico) and South America (southern Brazil), Africa (Benin, Namibia), Europe (Czech Republic and Romania) and Asia (Turkey, Iran, Saudi Arabia, and China), reflecting wide latitudinal and longitudinal ranges. These strains were isolated from distinct substrates, such as host-associated substrates (plant, animal) or directly from natural (soil) or building environments (indoor dust).


Table 3. Haplotypes of all Aspergillus welwitschiae isolates worldwide (including the sisal Aspergillus welwitschiae of our study).
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The second most common haplotype (Hap2) included 29.4% of the sequences and only one sisal isolate (SR1), and it was identical to the Hap1 except for one SNP, a Ti (transition C → T) at the 30th position in the symmetric aligned matrix (Table 3). Similar to Hap1, the haplotype Hap2 contained sequences derived from strains isolated on distinct continents, including America (Brazil, Argentina), Africa (South Africa), and Eurasia (Romania, Turkey, Saudi Arabia, Pakistan, and China). Furthermore, the strains were isolated from both host-associated and environmental substrates.

Most of the sisal isolates in our study (79.2%) and a single isolate from the same geographical region and host (sisal) previously deposited in NCBI formed the haplotype Hap6, which encompassed 16% of all A. welwitschiae sequences of the partial CaM gene in public databases. Hap6 exhibited five SNPs (four transitions and one transversion) (Table 4), all of which were in intron 2 of the CaM gene.


Table 4. Single nucleotide polymorphisms of all Aspergillus welwitschiae isolates worldwide (including the sisal Aspergillus welwitschiae of our study).
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The Hap7, Hap3 and Hap10 haplotypes were restricted to a few sequences (8.0, 3.2, and 1.6%, respectively), and the others, Hap4, Hap5, Hap8, and Hap9, were autapomorphies of single isolates (Table 3).

Therefore, based on the partial CaM gene, at least three different haplotypes (Hap6, Hap1, and Hap2) of A. welwitschiae causing sisal bole rot were present in the main sisal-producing area of the world. Figure 6 graphically depicts the intraspecific similarity relationships among all 126 strains of A. welwitschiae.
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FIGURE 6. UPGMA tree of worldwide Aspergillus welwitschiae (including those A. welwitschiae isolated from symptomatic sisal plants in our study).



DISCUSSION

Herein, we performed an integrative analysis of sisal bole rot disease in one of the largest and most important sisal-producing areas of the world. Our study comprised (a) the isolation of black aspergilli in the below- and above-ground endospheres and corresponding soils in the root zones of symptomatic adult sisal plants, (b) in vivo pathogenicity tests and time-course analysis of the symptoms of these fungal isolates in bulbils under greenhouse conditions, (c) histopathological analysis of the infected adult plants in field conditions, (d) morphological and molecular characterization and identification and molecular phylogeny analysis of these isolates; and (e) a comparative global-level genetic variability of these molecularly identified isolates with all other known strains.

To determine the relationship of black aspergilli isolated from symptomatic sisal plants with other black aspergilli, we used a hierarchical approach to first define the phylogenetic species and then compare this species with all the publicly deposited sequences on a global scale. In all the tree-based phylogenetic analyses used (distance, maximum parsimony, maximum likelihood and Bayesian) (Figures 5A–D), a monophyletic group comprised by the type species and additional A. welwitschiae species and all the sisal endosphere- and root zone soil-associated black aspergilli were retrieved with moderate statistical support inside a more inclusive maximum-supported group representing the A. niger/welwitschiae clade. Therefore, all four phylogenetic methods were congruent and indicated that the phylogenetic species of the pathogenic sisal isolates is undoubtedly Aspergillus welwitschiae. The moderate statistical support for the exclusive A. welwitschiae clade in all the analyses suggests that this species recently diverged from A. niger. Only a specific study on the calibration and estimation of the divergence time of these two species would confirm this hypothesis (Hedges and Kumar, 2009).

Aspergillus welwitschiae was collected for the first time at the end of the nineteenth century in an arid region of southwestern Africa by A. F. Moller from the cone scales of Welwitschia mirabilis Hook. f. The material was identified by Bresadola, and the original description was published by Saccardo (1883) as Ustilago welwitschiae ßres., n. sp. (page 68). Although the identification was not correct (Ustilago is a basidiomycotan genus), the morphological description of the spores (sporis fuscidulis, globosis, asperulis, 3½ – 4 μ diameter) is in accordance with what is currently known (Table 2). Some years later, Hennings (1903) reclassified Ustilago welwitschiae as Sterigmatomyces welwitschiae. Finally, Wehmer (1907) reclassified it as Aspergillus welwitschiae (Bres.) Henn. apud Wehmer, pointing out that this name was previously proposed by Hennings in a written communication.

Until recently, Aspergillus welwitschiae was considered an almost unknown and rare black Aspergillus species associated with a very peculiar plant (Welwitschia mirabilis) with a restricted geographical distribution (a contiguous region from Angola to Namibia in southwestern Africa). After a detailed study on several species of Aspergillus section Nigri associated with traditional food fermentations in eastern Asia, Hong et al. (2013) reported that the neotype of A. awamori (Perrone et al., 2011) not only did not originate from awamori fermentation but was also identical to Aspergillus welwitschiae. After the highly clarifying study by Hong et al. (2013), who clearly indicated that A. welwitschiae was much more common than believed and explained how to molecularly discriminate A. welwitschiae from A. niger, several isolates of this species have been reported on distinct substrates and in distinct geographic regions (Supplementary Table 3).

A. welwitschiae (designed as A. niger) naturally occurs in the reproductive structures of W. mirabilis, including cones and seeds (Cooper-Driver et al., 2000; Whitaker et al., 2004, 2008; Pekarek et al., 2006). Aspergillus welwitschiae is a common inhabitant of soil (Eicker et al., 1982; Whitaker et al., 2008), and its spores are present in the air (Whitaker et al., 2008) of the arid and semiarid regions where W. mirabilis occurs. There is a very high prevalence of infected seeds in natural populations (Whitaker et al., 2008), and most of the newly formed seedlings (at least in ex situ studies) die from A. welwitschiae infection (Ursem, 2004).

In addition to having been directly associated with its original substrates and a specific geographic distribution, isolates of A. welwitschiae have also been reported in fresh or dried fruits, such as almonds (Susca et al., 2016), Brazil nuts (Massi et al., 2016), cashew nuts (Lamboni et al., 2016), grapes/raisins, figures, maize, pistachios, and walnuts (Susca et al., 2016), as well as in bulbs (modified stems), such as onions (Gherbawy et al., 2015) and garlics (Oh et al., 2016), and mustard seeds (Hanif et al., 2016). Furthermore, Aspergillus welwitschiae has been detected in different environmental substrates, such as outdoor air (Lee et al., 2016), indoor dust (Visagie et al., 2014), caves (Nováková et al., 2017), sea salts (Biango-Daniels and Hodge, 2018), and even in clinical specimens from the ear canal in humans, causing otomycoses (Szigeti et al., 2012a,b), and in human nails, causing onychomycoses (Tsang et al., 2016). These records are from distinct climates all over the world (Supplementary Table 3). Therefore, A. welwitschiae is far from being a rare black aspergillus species and is indeed a morphological cryptic species (Bickford et al., 2007) of the A. niger species complex, currently comprising the monophyletic clade A. niger/welwitschiae (Samson et al., 2014).

Aspergillus welwitschiae was isolated in all the soil samples from root zones of all the investigated sites in the semiarid sisal-producing region of Brazil (Table 1). Thus, it may be quite common in the soil of that region and, most likely, opportunistically infects the internal sisal tissues. It was also present inside the tissues of the vegetative organs (roots, stem, and leaves) in the symptomatic plants sampled in three distinct areas (Table 1).

Originally thought be a probable specialized necrotrophic parasite of W. mirabilis, A. welwitschiae now appears to be a saprotrophic fungal species that facultatively parasitizes plants using a necrotrophic nutritional mode. To better investigate this possibility, we studied the histopathology of sisal bole rot disease in field symptomatic adult plants for the first time. Based on the histopathological findings and symptomatology, the penetration of the fungus in the host tissues occurred from the exterior (epidermis) to the interior (parenchyma and, subsequently, to the vascular cylinder) as well as from the inferior portion of the bole in the foliar sheath (closer to the soil) to the superior portion of the bole in the apical meristem (Figures 2D,E). As A. welwitschiae commonly occurred in the soil around the root zone of adult symptomatic plants (Table 1) and apparently only penetrates sisal tissues via natural or artificial openings (Wallace and Dieckmahns, 1952), damaged foliar sheaths in the inferior portion of the bole near the soil must be the most likely site of fungal penetration into the host, and the histopathological findings corroborate this hypothesis.

Neto and Martins (2012) described the histologies of leaves, rhizomes and roots in adult healthy A. sisalana plants in field conditions. The main histological differences between our sampled infected adult plants and healthy adult plants were the cell wall degradation of both the parenchymatic and vascular cylinder cells (Figures 2M,N,P), corroborating the external symptom of leaf wilting. Therefore, in symptomatic sisal plants, A. welwitschiae acts as a typical general necrotrophic pathogen, which destroys living cells and feeds on their contents, living saprotrophically on these dead remains.

Similar fungus-plant pathosystems in plant stems occur between soil-borne black aspergilli and peanuts (Arachis hypogea) (Gibson, 1953; Moraes, 2006) and Dracaena sanderiana (Abbasi and Aliabadi, 2008). However, only the macromorphological external symptoms (yellow-brown lesions extending into the plant tissues) and signals (black conidiophores and conidia) were described without any histopathological description.

After the fungal species that causes sisal bole rot was taxonomically and phylogenetically characterized and defined, we investigated the genetic diversity of A. welwitschiae both on a local scale (those isolated from plants of the sisal-producing area) and on a global scale (all the A. welwitschiae recorded worldwide). Surprisingly, even using one molecular marker (the partial CaM gene), three distinct haplotypes were identified in sisal isolates from the sisal-producing area of northeastern Brazil from a total of 10 haplotypes identified in all the publicly available sequences around the world (including the sisal isolates). Five SNPs, four transitions and one transversion were identified and confirmed to have rather distinct proportions of the variant types (Table 4). Moreover, the most frequent haplotype of the sisal isolates contained all these SNPs, and it occurs in only the sisal-producing area in Brazil.

Using molecular phylogenetic analyses, our study unequivocally demonstrated that Aspergillus welwitschiae (and not A. niger) is the causal agent of the sisal bole rot disease. A total of 10 haplotypes of the CaM gene in all A. welwitschiae were identified in the entire world, and three of these haplotypes occurred in one of the largest sisal-producing regions of Brazil, which is the highest sisal-producing country worldwide. One of the three haplotypes from sisal isolates (accounting for almost 80% of the total) was present in only sisal plants and the sampled region. All the Aspergillus welwitschiae strains isolated from the endospheres (roots/stems/leaves) and corresponding soils in the root zones of adult symptomatic plants in field conditions induced the typical symptomatology in healthy bulbils. Inside the host, the fungus destroyed the parenchymatic and vascular cylinder cells, growing inter- and intracellularly via dead cells, and induced the necrosis of internal stem tissues. Therefore, sisal bole rot disease is the consequence of a saprotrophic fungus that opportunistically invades sisal plants and behaves as a typical necrotrophic pathogen.

Although there have been significant advances in understanding sisal bole rot disease, there still are many open questions regarding the relationships between Aspergillus welwitschiae and sisal, such as the role of the mycotoxins in the progression of the disease, the innate and adaptive immune responses of the plant, and the structure and function of the microbiomes in healthy and symptomatic plants. We are currently investigating these questions using an integrative omics approach.

AUTHOR CONTRIBUTIONS

AG-N, AS, ED, and TdO conceived and designed the experiments. AG-N, AS, ED, CD, LB, FM, TdO, TdL, JdQ, and RdS performed the experiments. AG-N, AS, ED, CD, LB, FM, TdO, TdL, RK, DB, and VA analyzed the data. AG-N, AS, ED, TdO, and VA wrote the paper.

FUNDING

ED received a post-doctoral scholarship from National Program for post-doctoral of the Coordination for the Improvement of the Higher Level Personnel (PNPD/CAPES) associated with the Graduate Program in Agricultural Microbiology from the Federal University of Recôncavo of Bahia (UFRB), AS, AG-N, and VA receive a research grant for productivity from the National Council for Scientific and Technological Development (CNPq), Brazil (no. 311917/2013-5, no. 310764/2016-5, no. 305093/2015-0, respectively). Thaís E. F. de Lima receives a FAPESB DCR PET 301130/2015-9 scholarship. We are supported by CNPq (Projeto Nexus: Integração Caatinga-Sisal n. 441625/2017-7), CAPES, FAPESB, and SECTI programs. The funders had no role in study design, data collection and analysis, decision to publish or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2018.01227/full#supplementary-material

Supplementary Table 1. Soil characteristics of the studied areas.

Supplementary Table 2. Aspergillus niger “aggregate” clade type species used in our study.

Supplementary Table 3. Publicly available sequences of Aspergillus welwitschiae and their metadata used in our study.

REFERENCES

 Abbasi, M., and Aliabadi, F. (2008). First Report of Stem Rot of Dracaena Caused by Aspergillus Niger in Iran. Plant Health Prog.

 Abreu, K. C. L. D. M. (2010). Epidemiologia da podridão Vermelha do Sisal no Estado da Bahia. dissertation/master's thesis. Cruz das Almas: Universidade Federal do Recôncavo da Bahia.

 Abraham, P. E., Yin, H., Borland, A. M., Weighill, D., Lim, S. D., De Paoli, H. C., et al. (2016). Transcript, protein, and metabolite temporal dynamics in the CAM plant Agave. Nat. Plants 2:16178. doi: 10.1038/nplants.2016.178

 Asfaw, K. G. (2011). Investigation of the reasons for the unique growth and development of Agave species (Agave sisalana and Agave americana) crop plants at the southern, central, north western and eastern parts of tigray, Ethiopia. Curr. Res. J. Biol. Sci. 3, 273–281. Available online at: http://pakacademicsearch.com/journals/390/3/4

 Biango-Daniels, M. N., and Hodge, K. T. (2018). Sea salts as a potential source of food spoilage fungi. Food Microbiol. 69, 89–95. doi: 10.1016/j.fm.2017.07.020

 Bickford, D., Lohman, D. J., Sodhi, N. S., Ng, P. K., Meier, R., Winker, K., et al. (2007). Cryptic species as a window on diversity and conservation. Trends Ecol. Evol. 22, 148–155. doi: 10.1016/j.tree.2006.11.004

 Bock, K. R. (1965). Diseases of sisal. World Crops 17, 64–67.

 Castellani, A. (1967). Maintenance and cultivation of common pathogenic fungi in distilled water. J. Trop. Med. Hyg. 42, 181–184.

 Chen, P. Y., Kuo, Y. C., Chen, C. H., Kuo, Y. H., and Lee, C. K. (2009). Isolation and immunomodulatory effect of homoisoflavones and flavones from Agave sisalana Perrine ex Engelm. Molecules 14, 1789–1795. doi: 10.3390/molecules14051789

 Ciferri, R. (1951). Red rot of sisal in Venezuela. Phytop 41, 766–767.

 Coleman-Derr, D., Desgarennes, D., Fonseca-Garcia, C., Gross, S., Clingenpeel, S., Woyke, T., et al. (2016). Plant compartment and biogeography affect microbiome composition in cultivated and native Agave species. New Phytologist. 209, 798–811. doi: 10.1111/nph.13697

 CONAB Companhia Nacional de Abastecimento (2016). Conjuntura Especial. Sisal –safra 2014/2015: comercialização-proposta de ações. Available online at: http://www.conab.gov.br (Accessed December 7, 2016]).

 Cooper-Driver, G. A. C., Wagner, C., and Kolberg, H. (2000). Patterns of Aspergillus niger var. phoenicis (Corda) Al-Musallam infection in Namibian populations of Welwitschia mirabilis Hook.f. J. Arid. Environ. 46, 181–198. doi: 10.1006/jare.2000.0660

 Corbin, K. R., Byrt, C. S., Bauer, S., Debolt, S., Chambers, D., Holtum, J. A. M., et al. (2015). Prospecting for energy-rich renewable raw materials: agave leaf case study. PLoS ONE 10:e0135382. doi: 10.1371/journal.pone.0135382

 Coutinho, W. M., Suassuna, N. D., Luz, C. M., Suinaga, F. A., and Silva, O. R. R. F. (2006). Bole rot of sisal caused by Aspergillus niger in Brazil. Fitopatol. Bras. 31:605. doi: 10.1590/S0100-41582006000600014

 Crétenet, S., and De Raucourt, B. (1959). La Sécheresse dans la Vallée du Mandrare au Cours des Années 1957 à 1959. Mandrare I'Institut de Recherches du Coton et des Textiles Exotiques- IRCT.

 Damasceno, J. C. A., Soares, A. C. F., Jesus, F. N., and Santana, R. S. (2015). Sisal leaf decortication liquid residue for controlling Meloidogyne javanica in tomato plants. Hortic. Bras. 33, 155–162. doi: 10.1590/S0102-053620150000200004

 Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2012). jModelTest 2: more models, new heuristics and parallel computing. Nat. Methods 9, 8–772. doi: 10.1038/nmeth.2109

 Davis, S. C., Kuzmick, E. R., Niechayev, N., and Hunsaker, D. J. (2017). Productivity and water use efficiency of Agave americana in the first field trial as bioenergy feedstock on arid lands. Glob. Change Biol. Bioenergy 9, 314–325. doi: 10.1111/gcbb.12324

 Debnath, M., Mukeshwar, P., Sharma, R., Thakur, G. S., and Lal, P. (2010). Biotechnological intervention of Agave sisalana: a unique fiber yielding plant with medicinal property. J. Med. Plants Res. 4, 177–187. Available online at: http://www.academicjournals.org/JMPR

 Dhingra, O. D., and Sinclair, J. B. (1994). Basic plant Pathology Methods. London: Lewis Publishers.

 Eicker, A., Theron, G. K., and Grobbelaar, N. (1982). 'n Mikrobiologiese studie van ‘kaal kolle’in die Giribesvlakte van Kaokoland, SWA-Namibië. S. Afr. J. Bot. 1, 69–74.

 Food and Agriculture Organization (2015) Statistical Database, Agriculture. Available online at: faostat.fao.org (Accessed Novembar 6, 2015).

 Faria, M. M. S., Jaeger, S. M. P. L., Oliveira, G. J. C., Oliveira, R. L., Ledo, C. A. S., and Santana, F. S. (2008). Composição bromatológica do coproduto do desfibramento do sisal tratado com ureia. R. Bras. Zootec. 37, 377–382. doi: 10.1590/S1516-35982008000300001

 García-Mendoza, A. J. (2002). Distribution of the genus Agave (Agavaceae) and its endemic species in Mexico. Cact. Succ. J. 74, 177–187. Available online at: http://www.agavaceae.com/agavaceae.com/botanik/pflanzen/botanzeige_scan_en.asp?gnr=110&cat=&scan=110-4

 Gherbawy, Y., Elhariry, H., Kocsube, S., Bahobial, A., Deeb, B. E., Altalhi, A., et al. (2015). Molecular characterization of black Aspergillus species from onion and their potential for ochratoxin A and fumonisin B2 production. Foodborne Pathog. Dis. 12, 414–423. doi: 10.1089/fpd.2014.1870

 Gibson, I. S. A. (1953). Crown rot, a seedling disease of groundnuts caused by Aspergillus niger: II. An anomalous effect of organo-mercurial seed dressings. Trans. Br. Mycol. Soc. 36, 324–334.

 Guindon, S., and Gascuel, O. (2003). A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. Biol. 52, 696–704. doi: 10.1080/10635150390235520

 Hanif, K., Akhtar, N., and Hafeez, R. (2016). First report of Aspergillus welwitschiae as a postharvest pathogen of Brassica campestris seeds in Pakistan. J. Plant Pathol. 98:185. doi: 10.4454/JPP.V98I1.070

 Hedges, S. B., and Kumar, S. (2009). The Time Tree of Life. New York, NY: Oxford University Press.

 Hennings, P. (1903). H. Baum Kunene-Zambesi Expedit. Berlin.

 Hong, S. B., Go, S. J., Shin, H. D., Frisvad, J. C., and Samson, R. A. (2005). Polyphasic taxonomy of Aspergillus fumigatus and related species. Mycologia 97, 1316–1329.

 Hong, S. B., Lee, M. A., and Kim, D. H. (2013). Aspergillus luchuensis, an industrially important black Aspergillus in East Asia. PLoS ONE 8:e63769. doi: 10.1371/journal.pone.0063769

 IBGE-Instituto Brasileiro de Geografia e Estatística. (2015). Produção Agrícola Municipal ano 2015. Available online at: www.Sidra.ibge.gov.br (Accessed Novembr 10, 2016).

 INPE – Instituto Nacional de Pesquisas Espaciais. (2017). Centro de Previsão de Tempo e Estudos Climáticos. Available online at: www.cptec.inpe.br (Accessed October 1, 2017).

 Ismail, M. A. (2017). Incidence and significance of black aspergilli in agricultural commodities: a review, with a key to all species accepted to-date. Eur. J. Biol. Res. 7, 207–222. doi: 10.5281/zenodo.834504

 Jesus, F. N., Damasceno, J. C. A., Barbosa, D. H. S. G., Malheiro, R., Pereira, J. A., and Soares, A. C. F. (2014). Control of the banana burrowing nematode using sisal extract. Agron. Sustain. Dev. 35, 783–791. doi: 10.1007/s13593-014-0264-z

 Junqueira, C. U. (1990). O uso de cortes finos de tecidos na medicina e biologia. MeiosMétodos 66, 10–11.

 Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 10.1093/molbev/mst010

 Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., et al. (2012). Geneious Basic: an integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics 28, 1647–1649. doi: 10.1093/bioinformatics/bts199

 Kimaro, D., Msanya, B. M., and Takamura, Y. (1994). Review of sisal production and research in Tanzania. Afr. Stud. Monogr. 5, 227–242.

 Lamboni, Y., Frisvad, J. C., Hell, K., Linnemann, A. R., Nout, R. M. J., Tamo, M., et al. (2016). Occurrence of Aspergillus section Flavi and section Nigri and aflatoxins in raw cashew kernels (Anacardium occidentale L.) from Benin. LWT-Food Sci. Technol. 70, 71–77. doi: 10.1016/j.lwt.2016.02.017

 Lee, S., An, C., Xu, S., and Yamamoto, N. (2016). High-throughput sequencing reveals unprecedented diversities of Aspergillus species in outdoor air. Lett. Appl. Microbiol. 63, 165–171. doi: 10.1111/lam.12608

 Lillie, R. D. (1965). Histopathologic Technic and Practical Histochemistry. New York, NY: McGraw-Hill.

 Lima, E. F., Moreira, J. D. A. N., Batista, F. A. S., Silva, O. R. R. F., Farias, F. J. C., and Araújo, A. E. (1998). Podridão vermelha do tronco do sisal (Agave sisalana Perrine.) causada por Botryodiplodia theobromae pat. Rev. Oleag. Fibr. 2, 109–112.

 Machado, A. A. (1951). Sobre a Ocorrência de uma Nova Moléstia do Agave na Paraíba. Relatório de uma viagem realizada no município de Campina Grande, em 19 de setembro de 1951.

 Massi, F. P., Sartori, D., de Souza Ferranti, L., Iamanaka, B. T., Taniwaki, M. H., Vieira, M. L., et al. (2016). Prospecting for the incidence of genes involved in ochratoxin and fumonisin biosynthesis in Brazilian strains of Aspergillus niger and Aspergillus welwitschiae. Int. J. Food Microbiol. 221, 19–28. doi: 10.1016/j.ijfoodmicro.2016.01.010

 Medina, J. C. (1954). O sisal. São Paulo: Secretaria da Agricultura do Estado de São Paulo.

 Meira, R. M. S. A., and Martins, F. M. (2003). Inclusão de material herborizado em metacrilato para estudos de anatomia vegetal. Rev. Árvore. 27, 109–112. doi: 10.1590/S0100-67622003000100015

 Mielenz, J. R., Rodriguez, M. Jr., Thompson, O. A., Yang, X., and Yin, H. (2015). Development of Agave as a dedicated biomass source: production of biofuels from whole plants. Biotechnol. Biofuels 8, 1–13. doi: 10.1186/s13068-015-0261-8

 Moraes, S. D. (2006). Amendoim: Principais Doenças, Manejo Integrado e Recomendações de Controle. Avaliable online at: http://www.infobibos.com/artigos/2006_2/amendoim/index.htm

 Moreira, J. A. N., Beltrão, N. E. M., and Silva, O. R. R. F. (1999). “Botânica e Morfologia do Sisal,” in O Agronegócio do Sisal no Brasil, eds. O. R. R. F.Silva, and N. E. M. Beltrão (Brasília: Embrapa-SPI), 25–34.

 Müssig, J. (2010). Industrial Applications of Natural Fibres. Chichester: John Wiley & Sons, Ltda.

 Neto, I. L. C., and Martins, F. M. (2012). Anatomia dos órgãos vegetativos de Agave sisalana Perrine ex En-Gelm (Agavaceae). Rev. Caatinga. 25, 72–78. Available online at: https://periodicos.ufersa.edu.br/index.php/caatinga/article/view/2251/pdf

 Nováková, A., Hubka, V., Valinová, Š., Kolarík, M., and Hillebrand-Voiculescu, A. M. (2017). Cultivable microscopic fungi from an underground chemosynthesis-based ecosystem: a preliminary study. Folia Microbiol. Praha. 63, 43–55. doi: 10.1007/s12223-017-0527-6

 Oh, J. Y., Mannaa, M., Han, G. D., Chun, S. C., and Kim, K. D. (2016). First report of Aspergillus awamori as a fungal pathogen of garlic (Allium sativum L.). Crop Prot. 85, 65–70. doi: 10.1016/j.cropro.2016.03.019

 Ortiz, D. G., and Van der Meer, P. (2006). Claves de las especies del género Agave, L. cultivadas como ornamentales en la Península Ibérica e Islas Baleares. Keys to the Agave, L. species cultivated as ornamental in Spain. Acta Bot. Barc. 50, 441–457. Available online at: https://www.raco.cat/index.php/ActaBotanica/article/view/59860/100619

 Parsons, J. R., and Darling, J. A. (2000). Maguey (Agave spp.) utilization in Mesoamerican civilization: a case for precolumbian “pastoralism.” Bol. Soc. Bot. Mexico 66, 81–91. Available online at: http://www.redalyc.org/articulo.oa?id=57706608

 Pekarek, E., Jacobson, K., and Donovan, A. (2006). High levels of genetic variation exist in Aspergillus niger populations infecting Welwitschia mirabilis Hook. J. Hered. 97, 270–278. doi: 10.1093/jhered/esj031

 Pereira, J. O., Azevedo, J. L., and Petrini, O. (1993). Endophytic fungi of Stylosanthes. Mycologia 85, 362–364. doi: 10.2307/3760696

 Perrone, G., Stea, G., Epifani, F., Varga, J., Frisvad, J. C., and Samson, R. A. (2011). Aspergillus niger contains the cryptic phylogenetic species A. awamori. Fungal Biol. 115, 1138–1150. doi: 10.1016/j.funbio.2011.07.008

 Pinto, M. N. (1969). Contribuição ao estudo da influência da lavoura especulativa do sisal no estado da Bahia. Rev. Bras. Geogr. 31, 3–102.

 Ronquist, F., and Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572–1574. doi: 10.1093/bioinformatics/btg180

 Rousso, K. (2010). Maguey Journey: Discovering Textiles in Guatemala. Tucson: University of Arizona Press.

 Saccardo, P. A. (1883). Florula Mycologica Lusitanica. Bolet. Soc. Brot. 11, 9–90.

 Samson, R. A., Visagie, C. M., Houbraken, J., Hong, S.-B., Hubka, V., Klaassen, C. H. W., et al. (2014). Phylogeny, identification and nomenclature of the genus Aspergillus. Stud. Mycol. 78, 141–173. doi: 10.1016/j.simyco.2014.07.004

 Santos, J. D. G., Branco, A., Silva, A. F., Pinheiro, C. S. R., Neto, A. G., Uetanabaro, A. P., et al. (2009). Antimicrobial activity of Agave sisalana. Afr. J. Biotechnol. 8, 6181–6184. doi: 10.5897/AJB09.862

 Santos, P. O. D., Silva, A. C. M. D., Corrêa, É. B., Magalhães, V. C., and Souza, J. T. D. (2014). Additional species of Aspergillus causing bole rot disease in Agave sisalana. Trop. Plant Pathol. 39, 331–334. doi: 10.1590/S1982-56762014000400008

 Scopel, F., Gregolin, J. A. R., and Faria, L. D. (2013). Tendências tecnológicas do uso do sisal em compósitos a partir da prospecção em documentos de patentes. Polímeros 23, 514–520. doi: 10.4322/polimeros.2013.044

 Sidana, J., Singh, B., and Sharma, O. P. (2016). Saponins of agave: chemistry and bioactivity. Phytochemistry. 130, 22–46. doi: 10.1016/j.phytochem.2016.06.010

 Silva, O. R. R. F., and Beltrão, N. E. M. (1999). O Agronegócio do Sisal no Brasil. Brasília: Embrapa.

 Sousa, P. A. P., Oliveira, L. H. G., Lopes, E. C. S., and Nunes, F. C. (2014). Efeitos do resíduo líquido da Agave sisalana sobre pupas do mosquito Aedes aegypti. Rev. Saúde Ciência 3, 275–278. Available online at: http://150.165.111.246/revistasaudeeciencia/index.php/RSCUFCG/article/view/191/128

 Steer, M. W. (1982). The study of plant structure: principles and selected methods (Book). Plant Cell Enviro. 5, 258–259. doi: 10.1111/1365-3040.ep11572627

 Stewart, J. R. (2015). Agave as a model CAM crop system for a warming and drying world. Front. Plant Sci. 6:684. doi: 10.3389/fpls.2015.00684

 Susca, A., Proctor, R. H., Morelli, M., Haidukowski, M., Gallo, A., Logrieco, A. F., et al. (2016). Variation in fumonisin and ochratoxin production associated with differences in biosynthetic gene content in Aspergillus niger and A. welwitschiae isolates from multiple crop and geographic origins. Front. Microbiol. 7:1412. doi: 10.3389/fmicb.2016.01412

 Swofford, D. L. (2002). PAUP Phylogenetic Analysis Using Parsimony and Other Methods, Version 4.0b10. Sunderland: Sinauer.

 Szigeti, G., Kocsubé, S., Dóczi, I., Bereczki, L., Vágvölgyi, C., and Varga, J. (2012a). Molecular identification and antifungal susceptibilities of black Aspergillus isolates from otomycosis cases in Hungary. Mycopathologia 174, 143–147. doi: 10.1007/s11046-012-9529-8

 Szigeti, G., Sedaghati, E., Mahmoudabadi, A. Z., Naseri, A., Kocsube, S., Vágvölgyi, C., et al. (2012b). Species assignment and antifungal susceptibilities of black Aspergilli recovered from otomycosis cases in Iran. Mycoses 55, 333–338. doi: 10.1111/j.1439-0507.2011.02103.x

 Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6: molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729. doi: 10.1093/molbev/mst197

 Tsang, C. C., Hui, T. W., Lee, K. C., Chen, J. H., Ngan, A. H., Tam, E. W., et al. (2016). Genetic diversity of Aspergillus species isolated from onychomycosis and Aspergillus hongkongensis sp. nov., with implications to antifungal susceptibility testing. Diagn. Microbiol. Infect. Dis. 84, 125–134. doi: 10.1016/j.diagmicrobio.2015.10.027

 Ursem, W. N. J. (2004). Ex situ horticulture of Welwitschia mirabilis. Sibbaldia 2, 47–50. Available online at: https://journals.rbge.org.uk/index.php/rbgesib/article/view/158/147

 Varga, J., Frisvad, J. C., Kocsubé, S., Brankovics, B., Tóth, B., Szigeti, G., et al. (2011). New and revisited species in Aspergillus section Nigri. Stud. Mycol. 69, 1–17. doi: 10.3114/sim.2011.69.01

 Visagie, C. M., Hirooka, Y., Tanney, J. B., Whitfield, E., Mwange, K., Meijer, M., et al. (2014). Aspergillus, Penicillium and Talaromyces isolated from house dust samples collected around the world. Stud. Mycol. 78, 63–139. doi: 10.1016/j.simyco.2014.07.002

 Wallace, G. B. (1937). Tanganyika Territory Department of Agriculture, Plant Pathology Laboratory: Memorandum of Sisal Diseases. Dar es Salaam.

 Wallace, G. B., and Dieckmahns, E. C. (1952). Bole rot in sisal. East African Agricultural. For. J. 18, 24–29. doi: 10.1080/03670074.1952.11664819

 WCSP-World Checklist of Selected Plant Families in the Catalogue of Life (2016). Available online at: http://www.catalogueoflife.org/annual-checklist/2017/details/species/id/a956ecee73618224ba7e81f012b84671 (Accessed April 18, 2017).

 Wehmer, C. (1907). Zur Kenntnis einiger Aspergillus arten. Centralb. f. Bakt. etc. II, Abt. Bd. 18, 385–395.

 Whitaker, C., Berjak, P., Kolberg, H., Pammenter, N. W., and Bornman, C. H. (2004). Responses to various manipulations, and storage potential, of seeds of the unique desert gymnosperm, Welwitschia mirabilis Hook. fil. S. Afr. J. Bot. 70, 622–630. doi: 10.1016/S0254-6299(15)30201-5

 Whitaker, C., Pammenter, N. W., and Berjak, P. (2008). Infection of the cones and seeds of Welwitschia mirabilis by Aspergillus niger var. phoenicis in the Namib-Naukluft Park. S. Afr. J. Bot. 74, 41–50. doi: 10.1016/j.sajb.2007.08.008

 Yang, X., Cushman, J. C., Borland, A. M., Edwards, E. J., Wullschleger, S. D., Tuskan, G. A., et al. (2015). A roadmap for research on crassulacean acid metabolism (CAM) to enhance sustainable food and bioenergy production in a hotter, drier world. New Phytol. 207, 491–504. doi: 10.1111/nph.13393

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Duarte, Damasceno, de Oliveira, Barbosa, Martins, de Queiroz Silva, de Lima, da Silva, Kato, Bortolini, Azevedo, Góes-Neto and Soares. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-09-01227-g005.gif





OPS/images/fmicb-09-01227-g006.gif





OPS/images/fmicb-09-01227-g003.gif





OPS/images/fmicb-09-01227-g004.gif





OPS/images/fmicb-09-01227-t003.jpg
Positonivariable sito

Haplotype  Number Isolate code

212

191

128

108

o

i3

7

@

"

Transvorsion Transversion  Transition

Transition

£
H
H
i

Transiton Transversion  Transition  Transitin Tansition Transition  Transition

Transition

©m

@o)

o)

1%
8

) @A) [ ) @A

©n

©m

Autoapomorphy
fsoq.n. 111)

(s0q.n.91)

Autoapomorphy

fs0q.n.92  (seq.ni2e)

Autoapomorphy Autoapomorphy

Autoapomorphy
(s0q.n. 126)

son

Hap 1

s

3

Aweiitschion KROB4475.1_EGEKL-1351

s
i
7
s
0

Awelwitscriae KA064468.1_EGEKL-1185

Awohitschion KROB4486.1_EGEL1171

Awotitschion FRTS1414.1_0CF <02€_ 4068
Awebitschion LKOSI763.1_TUAas.

10 A wshwischion LKOSITE1_TUAMSE

Awstitscrion LKO31760.1_TUAXS

Awetwtschian LK031758.1_TUAISS

"

2

Awetwitshion LKO31757.1.TUARS2
Awoltschion LK031752.1_TUAZS

Awetitcrion LK031750.1_TUARZ6

1
"
15

16 Awshvischios LKOSI740.1_TUARZS

7

Awsivitschion LK031744.1_TUARZD
Awolwitscrion LKO31743.1_TuAa2

Awehitschion LKOS1739.1 TUA1E
Awottscrion LK031736.1_TUATS

®
o
2

2

Awoltchion KIT75266.1.0TO_180A0

22 Aweivitschon KUBSI064.1.0TO265.G2

2
%

Awelwitscrae KXBHE8S,1 KAS
Awsivitscron KXB04584.1 KAS

Awebitsohion KI77S332.1_0T0 24767
Awelwischion LT588746.1_CCF_4963

5
2

2

Awetntcrion KR064473.1_EGEKL-1318

28 Awshitscrion KXBOS781_KAS 5970

20 Awelwitschan KC480196.1_C8S. 139,54 TYPE
30 Awewitschias KA0S14841_EGEKLTST

El

Awobitschion KROSA4ST.1_EGEKL-1083

Awetitcrion KRO0B4467.1_EGEKLA176

2

33 Awewischios KA0B4483.1 EGEKLTIE

34 Awelitschioo_I0CT69856.1_LYLT

. KROB4470.1_EGE-Q-1399

Awehtchion KROB4481.1_EGEL145T

Awetitschion LOOD560.1 P37

A

3
E

@

Awovitschion KR064462.1_EGEKL-1116

)

30 Awewischioo KAOB447G.1_EGEKL-1355

w

@

Awelwitscran KA064450.1_EGEKL-1102

Awetntschion KR064489.1_EGEKL-1198
Awotwtcrion KR084460.1_EGEKL-1108

43 Awwitschios KROB477.1_ EGEKL-173

“
s
w
a

2

Awolwitscron KROGAAT1.1_EGEKL-1296

Awobutschion, KROS4455.1_EGEKL-1094

Awotitschion KRD84480.1_EGEKL-1410

Aweltscion KR64472.1_EGEKL-1308
48 Awetvitschion KIT49950.1_TAL 26.132

W

Awolvitscron KR064463.1_EGEKL-1145

Hop2

Awebitscios KRO20702.1_ANAG 510

52 Awetwischian LKO31768.1_TUARS

5t
5
s
55
5
57

Awelwitscran LKO31762.1 TUAIST
Awotitschion LKOS1759.1_TUARSA
Awotwtschion LK031756.1_TUAIS
A wetitsion LKO31754.1_TUAR

Awolitscrion LKO31767.1_TuARS

53 Awelwischioo LKO31753 1 TUARZO.

50 Awelwitschan LKO1751.1_TUARZT

&

ot

Awotitochion LK031748.1_TUAR24
Awetwtchion LK031747.1_TUAZS

62 Avewischioo LKOS1746 1 TUASZ2

63 Aweiwitschios_LKOS1745,1_TUARRI
64 Awsivitschon LK031742.1 TUA19

65 Aweitschis LKIS17411 TUARIS

o

o7

Awolntschion LK031740.1_TUAa1?
Awetitscion LK031738.1_TUAa1S

63 Awelwitschios_LKOSIZST. 1 TUARI

&
3
n

A welwitschan LKO31735.1_TUAa12
Awotwtschion LK0317341 Tuhat1
Awebitschion LKOG1735.1_TUARTO

Awetitscion KRO20701.1ANRG_521
73 Awshwitschon KIT7S268.1.DTO_ 17602

2

74 Awolwitscron FRTS1417.1 0CF<GZE_ 641

13
7
”

Awelwitscrion LNBOSO7.1_FOBPOST
Awetitschion T558747.1.S776

Awotutschion KR084482.1 EGEKL-CO202

78 Awshwitschion KR084464.1_EGEKL-T1SO

i

A_wolwitscnan KROBAAT8 1_EGEKL-1395
Awoivitschion_ LODOOSS0.1_PV0S0

Awolitschios LODOOSB1.1 PAS162

0

E

82 Awewitschas KA0S44TA1_EGEKL-1350

£

A wolitschion KROSA470.1_EGEKL-1227

81 Aveivitschioo KAOB4465.1 EGEKL1154
85 Avehitschios KI749051.1_TAL 684

%

Awotitschise, KI740056.1_TAL 16,081

Awolitschion LKO31766.1_TUAAT

&

Hop3.

83 Aveiwitachioo_LKDS1765,1_TUAGS

&

Awetitschion LK031764.1_TUAS

90 Awehischios_KT749955.1_ITAL 361

c

Awolitchian FRTS1443.1_0CF <CZE_ 4067

o

Hap 4

Aweivitschon KR084461.1_EGEKL-1112

o

Haps

Hapo.

£

2828
588

00

101

sso

102 cson

1w for

106 FsOn

105 Al

106 RSOl

107 sson
108 RSO
0 AR
o om

Fso1

112 A weitchion KU207999.1_131

"

Awolitchion KUSS4506.1 ANG2
Awolitscioe KUSS4605.1 ANT2
Awovntschan KUSS1604.1ANT

116 Awswitechion KPA301481_DTO286.G5.

117 A weischion KPOIOI4T.1 DTO 26663

118 A_welwischion KJTTS%3.1_DTO_267G1

s
118
o
120
=

Hop7

s

Awowischion KITTS336.1_0TO_26604

Awowitschios KITT5333.1.T0_24765

Aweltschion LK031755.1_TUAID
122 A weitechion, KI749952.1_ITAL 47.514

123 A wolwtschion LKO31732.1_TUAat

Haps.

126 Awelwischon KIT40963.1 ITAL 48544

Hapo.

125 A weichian KP3A0149,1 DTO 2873

Hap 10






OPS/images/fmicb-09-01227-t001.jpg
Isolate code

RSDI
RSDIl
RRI
RRIl
RCI
RCI
csol
cspil
CRI
CRIl
ccl
ccll
FSDI
FSDIl
FRI
FRIl
Fol
Foll
ssDI
ssDil

Host

Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana
Agave sisalana

Plant/environment compartment

Root
Root
Root
Root
Root
Root
stem
Stem
Stem
Stem
Stem
Stem

Leaf

Root zone soil-associated
Root zone soil-associated
Root zone soil-associated
Root zone soil-associated
Root zone soil-associated
Root zone soil-associated

Access n°. in CCMB

CoMB709
CMB703

CCMB668
CCMBG670
CCMBT706
CMB662

CMB663

COMBT10
COMBG678
COMBT707
COMBG74
COMBG672
CCOMBB6S
COMBG69
CCMBG66
COMBG76
COMB704
CoMBG67
COMBG75
CoMB677
CoMB708
COMB673
CcoMB671
COMBT05

Access n°. in NCBI

MG322287
MG322289
MG322286
MG322290
MG322272
MG322277
MG322270
MG322283
MG322280
MG322291
MG322278
MG322275
MG322292
MG322285
MG322281
MG322276
MG322279
MG322284
MG322282
MG322288
MG322273
MG322271
MG322274
MG322269





OPS/images/fmicb-09-01227-t002.jpg
# Code Colony morphology

1 RSDI

2 RsDI

3 RRI

4 RRIl

6 RCIl

7 csl

8 cspl

9 CRI

10 CRIl

11.ccl

12 cCll

13 FSDI

14 FSDIl

15 FRI

16 FRIl

17 FCl

18 FCIl

19 8SDI

20 SSDII

21 SR

22 SRIl

230l

24501l

(CYA for 7 days at
25°C)

Black colonies with a
white leading edge

Black colonies with a
white to yellow leading
edge

Black colonies with a
white to yelow leading
edge

Black colonies with a
white to yellow leading
edge

Black colonies with a
white to yellow leading
edge

Black colonies with a
white to yelow leading
edge

Black colonies with a
white leading edge

Black colonies with a
white to yellow leading
edge

Black colories with a
white leading edge.
Black colories with a
‘white to yellow leading
edge

Black colonies with a
white leading edge

Black colonies with a
white leading edge

Black colonies with a
wihite to yelow leading
edge

Black colonies with a
white to yelow leading
edge

Black colonies vith a
vitite to yelow leading
edge

Black colonies vith a
wihite to yelow leading
edge

Black colonies with a
wiite to yelow leading
edge

Black colonies with a
wihite to yelow leading
edge

Black colonies with a
white leading edge

Black colonies with a
white to yellow leading
edge

Black colonies with a
white leading edge

Black colonies with a
white to yelow leading
edge

Black colones with a
white to yelow leading
edge

Black colones with a
white to yelow leading
edge

Colony growth at 7
days (mm) 25°, 30°C

and 37°C

cYA

40-70

16-60

40-70

35-60

22-58

20-48

40-70

40-70

40-70

40-70

40-70

15-70

18-60

18-64

40-70

22-57

45-90

18-60

40-70

25-40

27-65

16-60

40-70

35-60

MEA

45-70

20-70

45-70

25-66

56-60

45-70

45-70

35-70

35-70

45-70

35-70

22-56

22-60

35-90

24-70

35-70

41-52

20-70

35-70

25-66

oA

40-60

45-70

46-70

50-72

45-70

45-70

45-65

45-70

20-65

45-60

45-60

35-70

30-52

38-70

29-70

29-65

38-70

46-70

Conidial

head shape

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Radiated

Conidiophore Vesicle

Stipe description

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate, smooth,
and colorless

Biseriate/smooth,
and colorless

Biseriate/smooth
and colorless

Biseriate (uniseriate
rare)/smooth and
colorless
Biseriate/smooth
and colorless

Biseriate (uniseriate
rare)/smooth and
colorless
Biseriate/smooth
and colorless

Biseriate (uniseriate
rare)/smooth and
colorless
Biseriate/smooth
and colorless

Biseriate/smooth
and colorless

Biseriate/smooth
and colorless

Biseriate/smooth
and colorless

Biseriate/smooth
and colorless

size (um)

size (um)

224-787 x 10-165  22.5-65

800-900 x 125 40-65

900-977 x 45-17  51-68

750-900 x 16 40-50

500-900 x 15-125  30-65

600-900 x 12515 40-65

400-600 x 16-16  49-61

238-584 x 8-16  20-60

400-900 x 10 40-60

250-1000 x 10 30-55

620-900 x 10 40

200-550 x 10 22

400-900 x 7.6-10  20-45

400-900 x 7.5-10  20-50

382-772x 9-155  34-64.5

400-640 x 10-125  22.5-525

285-500 x 12-145 32.5-60.5

650-1050 x 10-12.5  30-52.5

577-726 x 10-13  27-61

380-660 x 10-125  27.5-45

600-1000 x 10-12.5  35-67.5

800-900 x 125 40-65

400-900 x 7.6-10  20-45

400-600 x 16-16  49-61

Metulae size
(wm)

65-16x 3

125 % 35

10524 x 3

10-12.5 x 36

10-125x 5

125-15 x 35

12-20x 3

6-125x 3

1620 x 3

65-11x3

7-16x 3

7-18 x 6-10

13-16 x 36

125-15 x 35

10-20x 3

14x3-5

1520 x 3

10-125x 3

1-12x3

910 x 4-5

75-126x3

125 % 85

13-15 x 3-5

12-20x 3

Shape

Ampuiform

Ampuiform

Ampiform

Ampuliform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuliform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

Ampuiform

ides

Size (um)

47-10.7 %3

75%3

9-13x3

75x85

5x3

5-75x3

10-12x 3

810 x 3-4

7-10x3

6-10x3

75-14x3

85-12x 56

67 x 3-4

5-10x3

7-9x3

7x3-4

811x3

75x3

58-105x 3

6x4-5

5-10x3

75x3

5-7x 34

10-12x 3

Diameter
(wm)
34

255

25-4

35

255

345

254

35

235

35

255

254

2535

258

254

3-4

253

255

345

Conidia

Shape and
‘ornamentation

Light brown to dark
brown, globular,
rough to finely rough
Dark brown to black,
globular, smoothto
finely rough

Dark brown to black,
globular, smooth to
finely rough

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough
Brown to black,
globuar, finely rough

Light brown to dark
brown, globular,
rough to finely rough
Brown to black,
globular, rough to
echinulate

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough to
finely rough

Dark brown,
globutar, rough to
finely rough

Dark brown to black,
globular, rough

Dark brown to black,
globular, rough to
finely rough

Dark brown to black,
globular, rough to
finely rough

Brown to black,
globular, rough to
finely rough

Dark brown to black,
globuar, finely rough

Dark brown to black,
globular, smooth to
finely rough

Dark brown to black,
globular, smooth to
finely rough

Light brown to dark
brown, globular,
roughto finely rough
Light brown to
black, globular,
rough to finely rough





OPS/images/fmicb-09-01227-g001.gif





OPS/images/fmicb-09-01227-g002.gif





OPS/images/fmicb-09-01227-t004.jpg
N°. SNP

Nucleotide

©-404>0>00

30
30
74
74
75
75
92

888

Max.

74
74
7%
7%
92

888

Length

Coverage

126
126
126
126
126
126
126
126
126
126

Polymorphism type

SNP
SNP
SNP.
SNP
SNP
SNP
SNP.
SNP
SNP
SNP.

Variant frequency

60.3%
39.7%
84.1%
15.9%
84.1%
15.9%
73%
27%
73%
27%





OPS/images/cover.jpg
, frontiers
in Microbiology

Putting the Mess in Order:
Aspergillus welwitschiae (and Not A.
niger) Is the Etiological Agent of
Sisal Bole Rot Disease in Brazil









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





