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Abstract

White thread blight is one of the most common diseases affecting several tree species that grow in warm and humid regions. The
typical symptoms of this disease include blighted leaves hanging by a white thread of fungal hyphae. Leaf samples exhibiting
white thread blight symptoms were collected from neem (Azadirachta indica A. Juss) and Brazilian cherry pitanga (Eugenia
uniflora L.) plants in Northeastern Brazil, and from Indian green-tea (Camellia sinensis (L.) O. Kuntze), coffee (Coffea arabica
L.), and persimmon (Diospyros kaki L.) in agricultural areas neighboring the Atlantic forest in Southeastern Brazil. Fungal isolates
were obtained indirectly from leaf fragments or directly by transferring mycelia and sclerotia to culture medium. Bright field and
scanning electron microscopy images revealed the association of Rhizoctonia-like hyphae and basidiospores with the infected
leaves. In pathogenicity tests, Rhizoctonia-like fungal isolates induced leaf necrosis on their hosts, and the pathogens were re-
isolated from inoculated plants. Phylogenetic analyses based on sequences of the ITS rRNA region indicated the occurrence of
Ceratobasidium lineages distinct from previously reported Ceratobasidium species. Our study leads to the description of two new
species of Ceratobasidium: the fungal isolates from A. indica, C. sinensis, and E. uniflora were classified as Ceratobasidium
niltonsouzanum sp. nov., and those obtained from C. arabica and D. kaki as Ceratobasidium chavesanum sp. nov.

Keywords Binucleate Rhizoctonia - Phylogenetic analysis

Introduction of the disease include white mycelial cords visible on the
infected branches and leaves. Diseased leaves dry up but re-
main attached to the plant hanging by the fungal hyphae.
Often, necrotic lesions are evident on the affected leaves. In

severely colonized leaves, hymenia can be observed on the

White thread blight was first described on coffee plants in
Northern India. The fungal pathogen was initially described
as Pellicularia koleroga Cooke (Cooke 1876). Typical signs
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leaf surface. The fungus can form small black sclerotia on the
branches and leaves of some host plants (Wolf and Bach 1927;
Furtado 1997; Lourd and Alves 1997).

The etiology of white thread blight has been taxonomically
revised. The previously described Pellicularia koleroga
(Cooke 1876) was reclassified as Corticium koleroga (Von
Hoehnel 1910). Later on, other names were also assigned such
as Botryobasidium koleroga (Cooke) Venkatarayan,
Hyphocnus koleroga Stevens & Hall, Koleroga noxia Donk
and Ceratobasidium noxium (Donk) P. Roberts (Venkatarayan
1949). White thread blight was also associated with Corticium
stevensii Burt, Ceratobasidium stevensii (Burt) Venkatar. and
Ceratobasidium anceps (Bres. & Syd.) H.S. Jacks. (Mendes et
al. 1998). Ceratobasidium and Thanatephorus are
Rhizoctonia-like fungi and share common morphological
traits. Ceratobasidium has two nuclei per cell (i.e., binucleate
Rhizoctonia) whereas Thanatephorus has multinucleated cells
(Gonzélez Garcia et al. 2006). Ceratobasidium species pro-
duce coriaceous fruiting bodies containing globose basidio-
spores, which vary from 2 to 4 in number per basidium
(Rogers 1935).

Species of Ceratobasidium can infect several members of
Annonaceae, Rosaceae, Rubiaceae, Rutaceae, and Teaceae
families, and are found mostly in tropical agroecosystems in
Africa, Asia, and South America (Wolf and Bach 1927). In
Brazil, white thread blight commonly occurs on fruit trees and
ornamentals in the Amazon (Benchimol et al. 2001;
Benchimol and Bastos 2004; Costa et al. 2013). High temper-
ature and humidity favor the occurrence and spread of these
pathogens (Furtado 1997; Souza et al. 2009).

The association of Ceratobasidium species with the
white thread blight disease on several hosts in Brazil were
mostly derived from the fungal morphological traits sole-
ly. Therefore, these identifications are likely to be less
accurate, as these Rhizoctonia-like fungi exhibit extensive
morphological variations, which could lead to misidenti-
fication of the pathogen (Gonzalez Garcia et al. 2006). In
Brazil, only a single study has included phylogenetic in-
formation based on the rDNA ITS-5.8S molecular marker
to differentiate between Ceratobasidium spp. from C.
sinensis and D. kaki (Ceresini et al. 2012). This study
reported the occurrence of two distinct lineages of
Ceratobasidium spp. infecting each one of the hosts.
However, the authors did not propose new species desig-
nation to accommodate the two new phylogenetic groups
(Ceresini et al. 2012). A new species Ceratobasidium
tradescantiae D. M. Macedo, associated with
Tradescantia fluminensis Vell. (Commelinaceae), was de-
scribed recently in Brazil. However, the authors did not
perform phylogenetic identification and only used mor-
phological markers (Macedo et al. 2016).

Despite the fact that white thread blight is particularly rel-
evant for important tree crop species of the Brazilian tropical
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agroecosystem, information regarding the etiology of the
Ceratobasidium species associated with the disease is limited.
The present study determined the etiology of white thread
blight associated with A. indica, C. sinensis, C. arabica, D.
kaki, and E. uniflora using both morphological and phyloge-
netic approaches, which resulted in the description of the new
species: C. niltonsouzanum and C. chavesanum.

Material and methods
Fungal isolation

Plant leaf samples exhibiting white thread blight symptoms
were collected from Indian green-tea (Fig. 1a), coffee (Fig. 2a,
b and f), and persimmon (Fig. 2d and e) in agricultural areas
surrounding the remnants of Atlantic forest in Southeastern
Brazil in 2005 and 2010, and from Brazilian cherry pitanga
(Fig. 1b and d) and neem (Fig. le—g) plants in Northeastern
Brazil during the rainy season of 2015 and 2017. Direct iso-
lation was performed by transferring fungal mycelia and scle-
rotia to potato-dextrose-agar (PDA) medium and the plates
incubated at 25 °C. For indirect isolation, small, colonized leaf
fragments from diseased leaves were used. The leaf fragments
were disinfested in 2% sodium hypochlorite for 2 min, washed
with sterile distilled water, then transferred to PDA medium
and the plates incubated at 25 °C. Pure cultures were obtained
by transferring fungal hyphal tips to fresh PDA medium.
Isolates were deposited at the Mycological Collection
(CML) of the Federal University of Lavras (Table 1).

Phylogenetic analysis

Fungal isolates were identified based on phylogenetic analysis
of the Internal Transcribed Spacer ITS-5.8S region of rDNA.
DNA from fungal mycelia was extracted using the specific
Axy Prep Multisource Genomic DNA Miniprep kit (Axygen
Biosciences,) following the manufacturer’s instructions.

The PCR reactions were done in a final volume of 25.0 uL
containing 12.5 puL Taq 2% Max Mix PCR, 2 uL of each
primer and 9 pL ultra-pure water. The ITS-5.8S primers used
were ITS1 (5’-TCC GTA GGT GAA CCT GCG G-3 ©) and
ITS 4 (5’-TCC TCC GCT TAT TGA TAT GC-3') (White et al.
1999). The PCR conditions were as follows: denaturation at
94 °C for 30 s, annealing at 54 °C for 1 min, extension at 72 °C
for 1 min, for 35 cycles, and final extension at 72 °C for
10 min. Analysis of the PCR products was done on 2% aga-
rose gel stained with GelRed (Biotium Inc.) in 1x TAE buffer
(Sambrook et al. 1989). PCR products were purified before
sequencing using the Wizard SV Gel and PCR Clean-Up
System (Promega). Sequencing of PCR amplicons was per-
formed at the facilities of the Biological Institute of Sao Paulo
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Fig. 1 Ceratobasidium
niltonsouzanum sp. nov. a White
thread blight symptoms on Indian
green-tea (arrow indicates
mycelial cord). b White thread
blight symptoms on Brazilian
cherry pitanga leaves. ¢
Pathogenicity tests. d Fungal
microsclerotia on Brazilian cherry
pitanga leaf surface. e Symptom
of white thread blight on neem. f
Hymenium on the abaxial surface
of neem leaves. g Mycelial cord
(arrow) on neem branch. h—i
Cultures of C. niltonsouzanum
CML 3598 grown on PDA for 30
(I) days at 25 °C in the dark. j
Microsclerotia on the surface of a
colony after 60 days at 25 ° C in
the dark. k Scanning electron
micrograph of basidiospores. I-m
Basidia and basidiospores. n
Binucleate hyphae stained with
DAPI. o Hyphae with 90°
branching (indicated by arrow). p
Hyphopodia. Scale bars: j:

200 pum; k: 10 pum; 1-p: 40 pm

using a DNA automated sequencer ABI 3700 Prism (Applied
Biosystems).

Nucleotide sequences were analyzed and edited using
SeqAssem software (Hepperle 2004). All the sequences were
deposited in GenBank (Table 1). Additional ITS-5.8S rDNA
sequences from Ceratobasidium spp. and Thanatephorus
cucumeris (asexual state = Rhizoctonia solani) reference iso-
lates, including most of the anastomosis groups (AGs) and
known species described so far associated with diverse hosts,

were obtained from GenBank and added to the global phylog-
eny (Tables 1 and 2). Sequences were aligned using the
Clustal W program (Thompson et al. 1994) in MEGA v.6 soft-
ware (Tamura et al. 2013). Prior to phylogenetic analyses,
MrModeltest 2.3 (Posada and Buckley 2004) was used to
ascertain the models of nucleotide evolution that best fit the
data for ITS-5.8S DNA. The best model for Ceratobasidium
AGs and T. cucumeris (R. solani) data was the GRT + G mod-
el and for Ceratobasidium species was the GTR +1+G

@ Springer



562

Trop. plant pathol. (2018) 43:559-571

Fig. 2 Ceratobasidium
chavesanum sp. nov. a Symptoms
of white thread blight on coffee. b
Mycelial cord (indicated by
arrow) on a coffee leaf. ¢
Symptom of black rot on a coffee
leaf inoculated with C.
chavesanum CML 3474. d
Symptoms of fruit rot on
persimmon. e. Mycelial cord
(indicated by arrow) on
persimmon branches. f
Appearance of leathery mycelia
on coffee fruits. g Symptoms of
white thread on persimmon
leaves. h-i Culture of C.
chavesanum CML 3474 grown
on PDA for 30 days at 25 °C in
darkness. j Hyphae with 90°
branching (indicated by arrow). k
Binucleated hyphae stained with
DAPL Scale bars: J-K: 10 um

model. Bayesian phylogenetics inference analyses were per-
formed using Metropolis-coupled Markov chain Monte Carlo
(MCMCMCO) algorithm in MrBayes v.3.2 (Ronquist et al.
2011). Phylogenetic analysis was conducted in the CIPRES
web portal (Miller et al. 2010). Markov chains were run si-
multaneously from random trees up to 10,000,000 genera-
tions. Trees were sampled at every 1000 generations up to
10,000 trees in total. After discarding the first 2500 trees from
each analysis as ‘burn-ins’, only the remaining 7500 trees
were utilized to calculate the posterior probabilities of the
branches, which were determined by the majority consensus
of the trees sampled. FigTree (Rambaut 2009) was used to
visualize and export trees to graphic programs.

Cultural and morphological characteristics

The cultural and morphological analyses were performed at
the Electron Microscopy Lab at UFLA using the ex-type
strains of the two new species described in this study, C.
niltonsouzanum CML 3598 and C. chavesanum CML 3474.
Fungal cultures were characterized after 10, 30 and 60 days of
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growth on PDA medium at 25 °C in the dark. The cultures
were evaluated for color, appearance of the colony, presence
of mycelia tufts and sclerotia. The hyphae dimensions were
determined from 10-day-old cultures using the Zeiss Observer
Z1 inverted microscope and the Zen 2012 software. Sclerotia
images and measurements were acquired from 60-day-old
cultures using a Nikon SMZ1500 stereoscope microscope
and the NIS Elements D3.2 software. Thirty hyphae and scle-
rotia were sampled and measured.

Number of nuclei per cell was determined on 10-day-old
colonies. Fragments with 0.5 cm diameter were fixed in
Karnovsky solution, pH 7.2. These fragments were subjected
to fluorescent staining of nuclei with DAPI (4'6-Diamidine-2'-
phenylindole dihydrochloride) (VectaShield H-1200 Vector)
mounting medium, and septa with 0.1 mg/mL Calcofluor
White (Sigma) in potassium phosphate buffer pH 7.2. The
fixed fragments were placed in drops of DAPI solution on
coverslips and observed for stained nuclei after 5 min. Then,
the same fragments were treated with drops of Calcofluor
White solution on the coverslips and observed after 5 min.
A Scanning Laser Confocal Zeiss Observer Z1 LSM780 with
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Table 1 Strains and GenBank accession numbers of Ceratobasidium spp. (binucleate Rhizoctonia) used in phylogenetic analyses in this study
Haplotype Anastomosis Species name Culture Isolates Host/Substrate Origin® Accession
Groups collection number
number® (ITS)°
H1 AGA - - C-662 - Japan AF354092
AGBo - - SIR-2 Ipomoea batatas Japan AF354091
H2 AG-L - - FK02-1 Soil Japan AF354093
H4 CAG7 - - BN22 Pittosporum EUA AF354084
H5 AGR - - - Cucumis sp. EUA AJ427407
H7 CAG6 - - BN74 Erigeron EUA AF354083
HS8 AG-E - - - - Netherlands DQ279013
H9 AG-C - - - - Netherlands DQ279046
HI11 CAG4 - - BN38 Glycine max EUA AF354081
H14 AGD - - C-610 - Japan AF354090
H16 AG-Q - - - - Netherlands DQ279058
H17 CAGI1 - - BN1 Grass EUA AF354086
HI8 AG-D - - - Netherlands DQ279060
H20 AG-U - - MWR-20 Rosa hybrida Japan AB196664
H22 AG-P - - - - Netherlands DQ279015
H23 CAG3 - - BN31 Arachis hypogaea EUA AF354080
H25 CAGS - - BN37 Cucumis sativus EUA AF354082
H26 AG-F - - - - Netherlands DQ279014
H27 AG-1 - - IMI 375130 - United Kingdom DQ279064
H29 AG-Bb - - - - Netherlands DQ279058
H30 AG-Ba - - - - Netherlands DQ279059
H31 AG-S - - - Pittosporum sp EUA AJ427400
H33 AG-G - - - - Netherlands DQ279049
H34 AGBa - - C-460 Oryza sativa Japan AF354088
H35 AG-K - - - - Netherlands DQ279056
H36 AGQ - - C-620 Soil Japan AF354095
H37 AGO - - FK06-2 Soil Japan AF354094
H38 AG-O - - - - Netherlands DQ279045
H39 AGBo - - Netherlands DQ279057
H40 AGH - - STC-9 s Soil Japan AF354089
H41 AGH - - - - Netherlands DQ279065
H42 AGT - - 40it-800 Reseda odorata Japan AB196661
AGA - - - - - DQ279052
- - C. chavesanum sp. CML 3468  DK2c2a Diospyros kaki SP, Brazil EU810049
nov.
- - C. chavesanum sp. CML 3469 DK12A2 D. kaki SP, Brazil EU810048
nov.
- - C. chavesanum sp. CML 3470 DK10c2a D. kaki SP, Brazil EU810045
nov.
- - C. chavesanum sp. CML 3471 DKl1l1c2a D. kaki SP, Brazil EU810047
nov.
- - C. chavesanum sp. CML 3472 DKllbla D. kaki SP, Brazil EU810046
nov.
- - C. chavesanum sp. CML 3473 10BRCA21 Coffea arabica ES, Brazil KX870112
nov.
- - C. chavesanum sp. CML 3474 T 10BRCA25 C. arabica ES, Brazil KX870113
nov.
- - C. chavesanum sp. CML 3475 10BRCA15 C. arabica ES, Brazil KX870114
nov.
- - C. chavesanum sp. CML 3476 10BRCA22 C. arabica ES, Brazil KX870115

nov.
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Table 1 (continued)

Haplotype Anastomosis Species name Culture Isolates Host/Substrate Origin® Accession
Groups collection number
number® (ITS)®
- - C. chavesanum sp. CML 3481 10BRCA13 C. arabica ES, Brazil KX870116
nov.
- - C. niltonsouzanum CML 3477 CS161 Camellia sinensis  SP, Brazil EU810032
Sp. nov.
- - C. niltonsouzanum CML 3478 CS9%4a C. sinensis SP, Brazil EU810043
Sp. nov.
- - C. niltonsouzanum CML 3479 CS721 C. sinensis SP, Brazil EU810037
Sp. nov.
- - C. niltonsouzanum CML 3480 CS512 C. sinensis SP, Brazil EU810031
Sp. nov.
- C. niltonsouzanum CML 3482 CS1021 C. sinensis SP, Brazil EU810028
Sp. nov.
— - C. niltonsouzanum CML 3483 CS1032 C. sinensis SP, Brazil EU810029
Sp. nov.
— - C. niltonsouzanum CML 3596 MPM 201 Azadirachta indica PI, Brazil KX870111
Sp. nov.
- - C. niltonsouzanum CML 3597  MPM 110 Eugenia uniflora  PI, Brazil KU175889
Sp. nov.
- - C. niltonsouzanum CML 3598 T MPM 109 E. uniflora PI, Brazil KU175888
Sp. nov.
- - C. albasitensis CBS 15232 - Pteridium UK AJ427402
aquilinum
— - C. bicorne — 1231 Polytrichastrum Filand AF200514
formosum
- - C.bulbillifaciens CBS 132236 — Bark of Fraxinus ~ Germany KC336072
- - C. angustiporum CBS 568.83 — Pterostylis mutica  South Australia ~ AJ427403
- - C. cereale - Sequence 17 from the patent  — Switzerland AX195385
WO00151653
- - C. cereale - Sequence 19 from the patent — — Switzerland AX195387
WO00151653
- - C. cereale - Sequence 22 from the patent —— Switzerland AX195390
WO00151653
- - C. cereale - Sequence 23 from the patent — Switzerland AX195391
WO00151653
- - C. cereale - Sequence 24 from the patent — Switzerland AX195392
WO00151653
- - C. cereale CBS 558.77 - Secale cereale Germany AJ302008
- - C. cereale CBS 559.77 - Triticum aestivum  Germany AJ302009
- - C. cereale - - Poa annua USA AF063019
- - C. cereale - 99,125 Agrostis palustris ~ Canada AF222793
- - C. cornigerum CBS 133.82 - Pittosporum sp. USA AJ301899
- - C. cornigerum CBS 13582 — Juniperus sp. USA AJ301900
- - C. cornigerum CBS 136.82 — Taxus sp. USA AJ301901
- - C. cornigerum CBS 13782 — Erigeron USA AJ301902
canadenses
- - C. cornigerum CBS 132.82 - Festuca sp. USA AJ301903
- - C. cornigerum CBS 139.82 - Pittosporum sp. USA AJ302006
- - C. cornigerum - Eab-aB Medicago sativa Spain AJ302010
- - C. noxium CBS 154-35 — Colffea arabica India EU810056
- - C. papillatum CBS 570.83 — Sarcochilus Australia AJ427401
dilatatus
- - C. ramicola CBS 758.79 - Pittosporum sp. USA AJ427404

2 Culture collections: CBS Centraalbureau voor Schimmelcultures-Fungal Biodiversity Center, Utrecht, The Netherlands, CML Colegéo Micologica de
Lavras, Universidade Federal de Lavras, Lavras, Brazil. ® States of Brazil: AC Acre, AM Amazonas, ES Espirito Santo, P/ Piaui, SP Sao Paulo. © The ITS-
5.8S rDNA sequences used in the phylogenetic analyses. T: Specimen type
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Table 2
accession numbers

Information about Thanatephorus cucumeris (multinucleate Rhizoctonia solani Anastomosis Groups) reference isolates and their GenBank

Haplotype Anastomosis Groups Isolates Host/Substrate Origin® Accession number (ITS)b
H3 AG-12 CHI1 - Australia AF153803
H4 AG-11A SJo67 Glycine max GO, Brazil AY270011
H5 AG-11C 3Rs Pinus spp. Canada AF354058
H7 AG-7 91ST8057-2A RSA Soil EUA AF354100
H16 AG-2-2 1V IV BC-10 - Japan AB000014
H18 AG-2-2 1IIB 15Rs Juncus sp. Japan AF354116
H19 AG-2-2 LP 48R - Japan AB054866
H20 AG-5 19Rs Glycine max Japan AF354113
H22 AG-11 ROTH25 - Japan AB019027
H23 AG-4 HGIL HG-I1 UHBC - Japan AB000045
H26 AG-2-3 237,258 - Japan AB019025
H27 AG-4 HGIII 44Rs Beta vulgaris EUA AF354075
H29 AG-6 HGI 70Rs Soil Japan AF354102
H32 AG-3TB 1600NC Nicotiana tabacum EUA AF153774
H33 AG-2-1 R144 - Japan AB054852
H35 AG-9 TP TPVI2M - Japan AB000046
H36 AG-9 65Rs Solanum tuberosum EUA AF354109
H37 AG-9TX TX S4R1 - Japan ABO000037
H38 AG-10 76,107 - Japan AB019026
H40 AG-4 HGI HG-1 GM-3 - Japan AB000018
H44 AG-11D RCP13 Coffea sp. Japan AB122130
H48 AG-11B 1B SHIBA-1 - Japan AB000039
H49 AG-4 HGI HG-I 78-23R-3 - Japan AB000007
H51 AG-6 GV 75Rs Soil Japan AF354104
HS53 AGBI TE24 - Japan AB054873
H54 AG-8 (ZG1-4)88351 Hordeum vulgare Australia AF354068
H57 AG-3 PT 42Rs Solanum tuberosum EUA AF354106

*States of Brazil: AM Amazonas, GO Goiés, PA Par4. ® The ITS-5.8S rDNA sequences used in the phylogenetic analyses

the Zen 2012 software was used to acquire the images, with
40%/1.3 oil objective, 4.4 zoom, 512 x 512 resolution, Ch1
detector, MBS 405 nm beam splitter, pinhole 68.5, argon laser
405 nm at 10%, master gain 470, digital gain 1, and emission
filter range at 420 to 480 nm.

Fungal structures from infected leaf samples from the field
were characterized using scanning electron microscope
(SEM). Leaf fragments with white thread blight symptoms
were fixed in Karnovsky solution pH 7.2 for a minimum of
24 h, transferred to 0.05 M cacodylate buffer solution and
washed three times for 10 min. Fragments were soaked for
1 hin 1.0% osmium tetroxide in water and washed three times
with distilled water. Then, the samples were dehydrated in an
acetone series (25, 50, 75 and 90% acetone for 10 min each
and three times in 100% acetone for 10 min). When the dehy-
dration was completed, the samples were placed in a Balzers
CPD 030 critical point and the acetone was replaced with CO,
(Bozzola and Russell 1999). The specimens obtained were
covered with gold on the Balzers SCD 050 evaporator.

Observation was done using a Zeiss LEO EVO 40 Scanning
Electron Microscope and the Smart SEM software. The ac-
quired images were edited and diagrammed using Corel Draw
software. Drawings of morphological structures were made
based on these images.

Pathogenicity tests

Three-month-old seedlings of E. uniflora, A. indica and C.
arabica were used for the pathogenicity tests. Prior to inocu-
lation, the plants were covered with plastic bags and placed in
a humid chamber for 10 days. The Ceratobasidium spp. iso-
lates CML 3598, CML 3596 and CML 3474, were used for
inoculations on E. uniflora, A. indica, and C. arabica cv.
Mundo Novo, respectively. These isolates were cultured at
25 °C in the dark for seven days on PDA medium containing
sterilized tooth-picks on top. After incubation, the colonized
tooth-picks were gently inserted in the leaves at the plants
apex. To maintain the plants under high humidity, a cotton
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wool ball moistened with sterilized water was placed inside
the plastic bags covering the plants (Souza et al. 2009). The
inoculated plants were incubated at 25 °C and 12 h photope-
riod and observed daily. Pathogenicity tests were done with
six replicates per treatment and per plant species, plus a con-
trol using sterilized tooth-picks. The experiment was replicat-
ed once.

Results
Phylogenetic analysis

For phylogenetic analyses based on the ITS-5.8S rRNA re-
gion, sequences of isolates from this study were compared
with sequences of reference Ceratobasidium spp. (binucleate

Fig.3 Bayesian phylogenetic tree
based on the nucleotide sequences
of the ITS-5.8S rRNA regions
showing the relationships among
Ceratobasidium species
(binucleate Rhizoctonia).
Posterior probability values >0.6
are indicated above the nodes.

Rhizoctonia AGs) isolates (Fig. 3), all the known
Ceratobasidium species (Fig. 4), and Thanatephorus
cucumeris (multinucleate R. solani AGs) (Fig. 5) deposited
in the GenBank. The dataset from representative strains of this
study and sequences of reference isolates of Ceratobasidium
spp. (binucleate Rhizoctonia AGs) consisted of 784 aligned
nucleotide positions with 404 variable sites, 233 of which
were phylogenetically informative. A similar dataset compar-
ing our sequences with the reference isolates of the known
Ceratobasidium species consisted of 672 aligned nucleotide
positions with 301 variable sites, 218 of which were phyloge-
netically informative. The dataset from strains of this study
and sequences of reference isolates of R. solani AGs consisted
of 839 aligned nucleotide positions with 360 variable sites,
197 of which were phylogenetically informative. The phylo-
genetic tree inferred from ITS-5.8S rRNA region clearly

H1 AGBo
H1 AGA
0,97 —— H35 AG-K

Anastomosis Groups (AG-A -
AG-U and CAG-1 - CAG-7),
haplotype (H), and sequences
from ex-type (T) strains are
indicated. The tree is rooted with
Waitea circinata (GenBank
accession number AJ000195).
CML: Abbreviation of
Mycological Collection at the
Federal University of Lavras -
UFLA

0,99

H39 AGBo
- H42 AGA
L Ha2 AGT
1r H2 AG-L
097] L Ho AG-C
o096 L H37 AGO

091 H38 AG-O
H33 AG-G
0,77 H14 AGD
11— H18 AG-D
1 H17 CAG1
H16 AG-Q
0,74

H29 AG-Bb
H30 AG-Ba
H34 AGBa
H31 AG-S
H36 AGQ
1 H27 AG-I
H40 AGH

1 H4 CAG7
H5 AGR
H22 AG-P
H7 CAG6
H8 AG-E
H11 CAG4
H20 AG-U
H23 CAG3
H25 CAG5
H26 AG-F
0,89~ CML 3477 Camellia sinensis
CML 3482 C. sinensis
CML 3478 C. sinensis
CML 3479 C. sinensis
CML 3480 C. sinensis
1 CML 3598 T Eugenia uniflora
CML 8597 E. uniflora
CML 3483 C. sinensis
CML 3596 Azadirachta indica
1y CML 3474 T Coffea arabica
CML 3481 C. arabica
1|r CML 3470 Diospyros kaki
CML 3471 D. Kaki
CML 3469 D. kaki
0,78} CML 3468 D. kaki
CML 3473 C. arabica
0,97|f CML 3472 D. kaki

CML 3475 C. arabica
0971 oML 3476 C. arabica

C. niltonsouzanum sp. nov.

C. chavesanum sp. nov.

0.1
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Fig.4 Bayesian phylogenetic tree
based on the nucleotide sequences
of the ITS-5.8S rRNA region
showing the relationships among
known Ceratobasidium species.
Posterior probability values >0.6
are indicated above the nodes.
Sequences from ex-type (T)

1r KX870113 Coffea arabica CML 3474 T
KX870116 C. arabica CML 3481
EU810045 Diospyros kaki CML 3470
EU810047 D. kaki CML 3471

EU810049 D. kaki CML 3468

olo1r EU810046 D. kaki CML 3472
KX870114 C. arabica CML 3475
KX870115 C. arabica CML 3476

1| o,84]- EU810048 D. kaki CML 3469

C. chavesanum sp. nov.

strains are indicated. The tree is
rooted with C. albasitensis and C.
ramicola. CML: Abbreviation of
Mycological Collection at the
Federal University of Lavras -
UFLA

KX870112 C. arabica CML 3473
KU175888 Eugenia uniflora CML 3598 T
KU175889 E. uniflora CML 3597
EU810037 Camellia sinensis CML 3479
EU810031 C. sinensis CML 3480
EU810043 C. sinensis CML 3478
EU810028 C. sinensis. CML 3482
EU810029 C. sinensis CML 3483
KX870111 Azadirachta indica CML 3596
EU810032 C. sinensis CML 3477
17— AJ301899 C. cornigerum
AJ301903 C. cornigerum
AJ301900 C. cornigerum
AJ301901 C. cornigerum
AJ302006 C. cornigerum

C. niltonsouzanum sp. nov.

0,89[:AJ301 902 C. cornigerum
AJ302010 C. cornigerum

AJ302009 C. cereale
AJ302008 C. cereale
AF222793 C. cereale
AX195392 C. cereale
AX195391 C. cereale
AX195390 C. cereale
AX195385 C. cereale

0,94

AX195387 C. cereale
AF063019 C. cereale

AJ427401 C. papillatum
AJ427402 C. anceps

076 I—I—AJ427403 C. angustisporum
. EU810056 C. noxium

0.05

distinguished the isolates from this study from both binucleate
Ceratobasidim (AGs and known species) (Figs. 3 and 4) and
multinucleate R. solani AGs described (Fig. 5).

The sequences from our isolates grouped into two distinct
monophyletic clades with high support (posterior probabili-
ty = 1) in all the phylogenetic analyzes (Figs. 3, 4 and 5) and
were distinct from those of the multinucleate R. solani clade
(posterior probability = 1) (Fig. 5). The first clade included 10
isolates from C. arabica and D. kaki, while the second clade
comprised nine isolates from A. indica, C. sinensis, and E.
uniflora. We propose to accommodate isolates representing
the first clade within the new species Ceratobasidium
niltonsouzanum sp. nov., and those grouping in the second
sister clade within another species named Ceratobasidium
chavesanum sp. nov. Both species are described in this study.

Ceratobasidium chavesanum was distinguished from C.
niltonsouzanum by nine fixed nucleotide polymorphisms in
the ITS-5.8S rDNA sequence. These fixed nucleotide differ-
ences were at the following positions (C. chavesanum/C.
niltonsouzanum): 205-206 (TT/GC), 235 (A/G), 438 (A/T),

L AF200514 C. bicome

KC336072 C. bulbillifaciens

ﬂ!—i AJ427404 C. ramicola
AJ427398 C. albasitensis

445 (C/T), 511 (A/G), 621 (G/A), 630 (T/C), and 657 (G/A for
most of the isolates; C for CML 3598 from Eugenia uniflora).

Cultural and morphological characteristics

The fungal cultures of C. niltonsouzanum CML 3598 and C.
chavesanum CML 3474 initially (10 days old) had white-
colored aerial mycelia and reverse with concentric zones.
The colonies reverse turned to brown color with aging and
the aerial mycelia produced tufts (up to 30 days old) (Fig.
1h—i and Fig. 2h—i). Black and irregular-shaped sclerotia were
produced by the C. niltonsouzanum ex-type strain CML 3598
after 60 days of incubation (Fig. 1j). Ceratobasidium
chavesanum did not produce sclerotia. The isolate CML
3598 of C. niltonsouzanum was obtained from E. uniflora
leaves on which hymenia and basidia with four unicellular,
oblong to elliptical and hyaline basidiospores were present
(Fig. 1k-m). Hyphopodia (Fig. 1p) and black, irregular-
shaped sclerotia were also observed in these leaves (Fig. 1d).
The C. niltonsouzanum isolate CML 3598 produced
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Fig.5 Bayesian phylogenetic tree
based on the nucleotide sequences
of the ITS-5.8S rRNA region
showing the relationships among
Thanatephorus cucumeris
(multinucleate R. solani AGs) and
two new Ceratobasidium species
causing white thread blight on
tropical plants in Brazil. Posterior
probability values >0.6 are
indicated above the nodes.
Anastomosis Groups (AG) and
subgroups, haplotype (H), and
sequences from ex-type (T)
strains are indicated. The tree is
rooted with Waitea circinata
(GenBank accession number
AJ000195). CML: Abbreviation

0,95

— H20 AG-5

H22 AG-11

—— H26 AG-2-3

0,98~ H16 AG-2-2 IV
H19 AG-2-2 LP
H18 AG- 2-2 1lIB
H38 AG-10

H53 AGBI

H33 AG-2-1

0,88 H3s AG-9
H32 AG-3 TB
H57 AG-3 PT

H4 AG-1 1A
H5 AG-11C
H44 AG-1 1D
H48 AG-1 1B
H29 AG-6 HGI

of Mycological Collection at the
Federal University of Lavras -
UFLA

H51 AG-6 GV

4[— H23 AG-4 HGll
1r H40 AG-4 HGI
H27 AG-4 HGlII
0,93 CML 3487 Camellia sinensis
CML 3482 C. sinensis
CML 3478 C. sinensis
CML 3479 C. sinensis
CML 3480 C. sinensis
i CML 3598 T Eugenia uniflora
CML 3597 E. uniflora
CML 3483 C. sinensis
CML 3596 Azadirachta indica
CML 3469 Diospyros kaki
CML 3473 C. arabica
1lr CML 3475 C. arabica
0,89]- CML 3476 C. arabica
CML 3470 D. kaki
CML 3472 D. kaki
CML 3471 D. kaki
CML 3468 D. kaki
CML 3474 T Coffea arabica
CML 3481 C. arabica

C. niltonsouzanum sp. nov.

C. chavesanum sp. nov.

0,98

02

basidiospores on PDA medium after 45 days of incubation
(not shown). However, it was not possible to observe basid-
iospores development in subsequent cultures. No basidio-
spores were observed for C. chavesanum. Isolates from both
species were binucleate (Fig. In and Fig. 2k).

Microscopic analyses of C. niltonsouzanum and C.
chavesanum mycelium revealed the association of hyphae
with typical characteristics of Rhizoctonia-like fungi. The hy-
phae presented branching with 90° angulation (Fig. Inand 2 j,
k). There were mycelial chords in both isolates, with larger
cells. The morphological markers for C. niltonsouzanum and
C. chavesanum observed in vitro and/or in vivo were illustrat-
ed with drawings derived from digital images (Fig. 6).

Pathogenicity test

Ten days after inoculation, the first symptoms of disease were
observed on C. arabica inoculated with C. chavesanum iso-
late CML 3474 (Fig. 2c) and on E. uniflora inoculated with C.
niltonsouzanum isolate CML 3598 (Fig. 1c). Initially, a small
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patch of necrosis was visible, which later developed into leaf
blight. Re-isolations of the pathogens validated Koch’s postu-
lates. Leaves were suspended by fungal mycelium but fungal
mycelial cord was absent in the plant branches. However,
inoculation with C. niltonsouzanum CML 3596 did not pro-
duce symptoms in A. indica.

Taxonomy

On the basis of the phylogenetic analysis and morphological
traits, the Ceratobasidium isolates obtained from A. indica, C.
arabica, C. sinensis, D. kaki, and E. uniflora were split into
two new species:

Ceratobasidium niltonsouzanum M.P. Melo, S.I. Moreira,
P.C. Ceresini, sp. nov. MycoBank 823,294.

Etymology: In honor of Prof. Dr. Nilton Luiz de Souza, for
his vast research contribution on the genus Rhizoctonia in
Brazil.

Specimen examined: Brazil, State of Piaui, Teresina,
Centro de Ciéncias Agrarias, Campus da Universidade
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Fig. 6 Morphological illustrations of Ceratobasidium niltonsouzanum:
a: al Basidia and basidiospores. a2 Hypha and hyphopodia. a3
Microsclerodes. a4 Hyphae with 90° branching. a5 Mycelial cords. b:

Federal do Piaui (42 © 46 ‘57’ “W; 05 © 02’ 45 ©“S), in Eugenia
uniflora, April 2015, Maruzanete Pereira de Melo (Holotype
VIC 44275, Ex-type CML 3598).

Ceratobasidium niltonsouzanum: fixed nucleotide differ-
ences in ITS-5.8S rDNA specific to C. niltonsouzanum:
205-206 (GC), 235 (G), 438 (T), 445 (T), 511 (G), 621 (A),
630 (C), and 657 (A for most of the isolates; C for CML 3598
from Eugenia uniflora). The leaves of the host species
Eugenia uniflora show the characteristic presence of hymenia,
and branched hyphae with clear septa. The hyphae are
branched with 90° angulation and have two nuclei per cell.
Hyphopodia are globose to subglobose, with 3.5 to 5.0 um
diameter. On PDA, two kinds of aerial mycelia are present in
10-day-old cultures. One type with 1.5 (1.0 to 2.0) um width
and another, thick-walled, with 2.0 (1.5 to 2.5) um width,
which compose mycelial chords.

Basidiospores are produced in hymenium on A. indica and
E. uniflora leaves, above epidermis. Typical basidia contain
four unicellular, oblong to elliptical and hyaline basidiospores
(6-) 8 (—11) X (2-) 3 (—4) um in size. Mycelial chords ranging
from white to brown in color are evident on leaves of Camelia
sinensis (Fig. 1a) and branches of Azadirachata indica (Fig.
1g). Irregularly shaped microsclerotia, black in color, around
200 x 500 pum in size, were visible on leaves and branches of

Morphological illustrations of Ceratobasidium chavesanum. bl Hyphae
with 90° branching. b2 Mycelial cords

E. uniflora and A. indica (Fig. 1d). The strains isolated from .
uniflora leaves produced black sclerotia with irregular shape,
measuring 130 x 105 um on average after 60 days of incuba-
tion on PDA. The culture on PDA grows forming concentric
rings with white aerial mycelia, tufts development and reverse
browning color with age (Fig. 1h-i).
Ceratobasidium chavesanum M.P. Melo, J.A. Ventura, H.
Costa, P.C. Ceresini, sp. nov. MycoBank 823,295.
Etymology: In honor of Prof. Dr. Geraldo Martins Chaves,
an eminent Brazilian scientist and coffee plant pathologist.
Specimen examined: Brazil, State of Espirito Santo,
Conceigdo do Castelo (41° 17 ‘45 “W, 20° 22 08” S), in
Coffea arabica, May 2010, Hélcio Costa and José Aires
Ventura (Holotype VIC 44207, Ex-type CML 3474).
Ceratobasidium chavesanum: fixed nucleotide differences
in ITS-5.8S rDNA specific to C. chavesanum: 205-206 (TT),
235 (A), 438 (A), 445 (C), 511 (A), 621 (G), 630 (T), and 657
(G). Mycelial chords are produced on branches and leaves of
coffee plants (Fig. 2b), besides rich mycelial development on
leaves, branches and fruits (Fig. 2a, b and f). No production of
basidiospores was observed. The hyphae are branched with
90° angulation. Ten-day-old PDA cultures presented aerial
mycelia with hyphae 1.5 (1.0 to 2.0) um width and thick-
walled mycelial chords hyphae 2.0 (1.5 to 2.5) um width,
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and presence of two nuclei per cell. The initially white fungal
cultures become brown to dark brown with aging and show
compact tufts (Fig. 2h-i).

Morphological structures of the C. niltonsouzanum ob-
served in vivo (as basidia and basidiospores, hyphopodia and
sclerotia) and in vitro (as hyphae from aerial mycelia and from
mycelial chords) were illustrated in drawings derived from
digital images (Fig. 6a). Similarly, C. chavesanum morpho-
logical structures were drawn based on structures observed in
vitro, such as aerial mycelia and mycelial chords (Fig. 6b).

Discussion

Using both morphological and phylogenetic characters, our
study described two new binucleate Ceratobasidium species:
C. niltonsouzanum sp. nov. and C. chavesanum, sp. nov, af-
fecting important crop species in the Brazilian agroecosystem.
Ceratobasium niltonsouzanum was morphologically distinct
from C. chavesanum based on vegetative structures. Not all
morphological structures used to distinguish between these
two species were easily produced in culture, and the use of
the ITS-rDNA sequences was a robust marker to infer their
distinction.

Ceratobasidium niltonsouzanum was obtained from
pitanga, neem and green-tea trees. In the phylogenetic analy-
sis, the isolates formed three different haplotypes (Figs. 3 and
4). The first clade was composed by pitanga isolates, the sec-
ond by green-tea isolates, and the last clade by isolates from
green-tea and neem tree. Previous studies reported that the
fungus associated with green-tea plants was Pellicularia
koleroga but subsequently the pathogen was reclassified to
Ceratobasidium anceps (Furtado 1997, 2005). Our study pro-
vides evidence that, in fact, the new species C. niltonsouzazum
(but not C. anceps) is associated with white thread blight on
green-tea plants.

Meanwhile, Ceratobasidium isolates obtained from C.
arabica and D. kaki were described here as Ceratobasidium
chavesanum. The clade corresponding to C. chavesanum
showed three haplotypes (Figs. 3 and 4). In Brazil, coffee
white thread blight was identified in Acre and Rondénia plan-
tations. Similarly, as cited above, P. koleroga (or C. anceps)
was also associated with coffee white thread blight (Garcia
and Veneziano 1998; Cavalcante and Sales 2001). Because
this former identification was based only on morphological
characters and no fungal cultures or ITS-rDNA data is avail-
able for comparison, we cannot assert that the coffee associ-
ated pathogen described in Acre and Rondonia is indeed C.
chavesanum. However, it is plausible that those isolates were
misidentified and that C. chavesanum was, in fact, the patho-
gen associated with white thread blight of coffee in those
localities.

@ Springer

From a taxonomic point of view, the morphological fea-
tures of the basidiospores are considered as significant char-
acters for identification of species from the genus
Ceratobasidium (Oberwinkler et al. 2013). Ceratobasidium
niltonsouzanum isolates produced basidiospores both in na-
ture and in culture medium. These fungal cultures were ob-
tained from hyphal tips. Therefore, C. niltonsouzanum is like-
ly a homothallic fungus. No basidiospores were detected on
infected leaves of Camelia sinensis sampled from the Ribeira
Valley in S3o Paulo State. In contrast, abundant sclerotia were
present on leaves from E. uniflora and A. indica,. 1t is likely
that temperature and humidity conditions did not favor sexual
phase formation. While environmental factors may influence
the Thanatephorus teleomorph formation, these conditions
are yet to be clearly understood. Conditions favorable for
sporulation seem to differ between isolates or species (Sneh
et al. 1991; Gonzélez Garcia et al. 2006). Despite the absence
of the sexual phase of C. chavesanum, leathery mycelia in the
leaves and fruit of coffee trees in the field may indicate basid-
iospores production. Hymenium producing basidia are likely
to exist in leathery mycelia.

Ceratobasidium niltonsouzanum can be differentiated from
certain species based on morphological markers. The produc-
tion of four basidiospores per basidium separate this species
from C. tradescantia, which forms two basidiospores per
basidia (Macedo et al. 2016). Ceratobasidium tradescantia,
related to 7. fluminensis in Brazil, also presents hymenium on
host leaves. Ceratobasidium lantana-camarae Barreto was
the second species described in Brazil, morphologically dif-
ferent from C. niltonsouzanum with smaller and apiculate ba-
sidiospores (Barreto et al. 1995). Basidiospores of C.
niltonsouzanum and C. pseudocornigerum Christiansen are
similar in form but the basidiospores of C. cornigerum are
shorter and usually widest at the basal end (Kotiranta and
Saarenoksa 2005; Oberwinkler et al. 2013).

Presence of black microsclerodes attached to the leaves and
branches, and the production of basidiospores were confirmed
in E. uniflora and A. indica diseased samples. These fungal
structures are crucial for the long-term survival of the patho-
gen. They were also observed on apple and citrus leaf surfaces
(Wolf and Bach 1927; Lourd and Alves 1987). The sclerotia
dimensions formed on plant tissues were larger than those
produced in vitro. Differences in the sclerotia dimensions
may occur due to environmental conditions, such as nutrition,
temperature, and light.

In conclusion, the present work proposes the description of
two new species of Ceratobasidium, Ceratobasidium
chavesanum in coffee and persimmon, and Ceratobasidium
niltonsouzanum in green-tea, pitanga and neem. These two
species are causal agents of white thread blight. White thread
blight has been gradually recognized as an emerging disease
with a great potential to impact the production of coffee, per-
simmon, Indian green-tea, pitanga and neem. Knowledge of
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the etiology of this disease is crucial for employing suitable
management measures. Possibly, diverse host plants may
serve as inoculum sources. These two fungal species are be-
lieved to be associated with other hosts, specifically in the
northern parts of Brazil, which have favorable climatic condi-
tions for disease development.
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